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This  Chapter  contains  the  Proceedings  of  Workshop  XV  of  the  COSpar  meetings 
held  at  Toulouse,  France  during  30  June  -  12  July  1986.  The  Workshop  title  was 
Presentation  of  CIRA*  1986  and  Comparisons  with  Other  Models,  Data  and  Theories. 

The  Workshop  was  divided  into  three  sessions.  The  first  session  was  primarily 
concerned  with  middle  atmosphere  models  and  data.  There  were  introductory 
papers  on  atmospheric  structure  and  its  variations  in  the  middle  atmosphere. 
Presentations  during  this  session  included  a  discussion  of  the  contribution  of 
satellite  temperature  data  to  the  development  of  middle  atmosphere  models  and  a 
determination  of  the  variability  of  atmospheric  properties  obtained  from  analy¬ 
sis  of  rocketsonde  data.  Analysis  of  Meteorological  Rocket  Network  temperature 
and  wind  data  yielded  the  amplitudes  and  phases  of  their  annual  and  semiannual 
variations.  Another  paper  showed  a  6K  temperature  increase  at  the  30  mb  level 
(about  24  km  altitude)  as  a  result  of  increased  heating  due  to  dust  injected 
into  the  atmosphere  by  the  El  Chicon  volcanic  eruption.  Monthly  mean  tempera¬ 
ture  profiles  for  high  latitude  winter  were  compared  with  the  corresponding 
profiles  from  the  preliminary  CIRA.  A  new  set  of  ozone  reference  models  was 
presented  and  also  a  proposed  international  reference  tropical  atmosphere. 

The  second  session  of  the  Workshop  was  concerned  with  properties  of  the 
upper  middle  atmosphere.  The  first  paper  contained  preliminary  structure  models 
for  the  80  to  120  km  altitude  range.  They  linked  to  lower  altitude  models  but 
not  to  any  thermospheric  models.  A  unique  set  of  data  obtained  from  inst ruments^n  For 
on-board  shuttle  during  reentry  was  presented.  In  a  number  of  flights  large  *  1 

density  changes  and  fluctuations  were  observed  above  70  km  altitude.  A  major 
analysis  of  wind  data  from  the  Global  Radar  Network  yielded  mean  zonal  and 
meridional  winds  for  altitudes  from  75  to  110  km.  Important  differences  were 
found  when  these  winds  were  compared  with  geo6trophic  winds  derived  from  rocket 
and  satellite  data.  Possible  explanations  were  presented.  In  another  study, 

winds  at  these  altitudes  were  analyzed  for  long  period  oscillations,  with 

1. ' . 
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periods  ranging  from  two  to  twenty  days.  Planetary  and  gravity  waves  contribute 
to  the  variability  of  Biddle  atmosphere  properties.  This  was  demonstrated  by 
the  improved  understanding  of  the  spatial  and  temporal  variability  of  wave 
fields  that  has  resulted  from  recent  radar  and  satellite  studies.  A  review  was 
presented  on  the  present  state  of  knowledge  of  turbulence  in  the  upper  middle 
atmosphere.  An  empirical  global  zonal  mean  wind  and  temperature  model  was 
developed  from  meteor  radar  and  partial  reflection  drift  data  for  the  70-110  km 
altitude  region. 

The  third  session  covered  thermospheric  models  and  data.  The  session 
started  with  a  paper  on  a  theoretical  general  circulation  thermospheric  model 
for  CIRA.  This  was  followed  by  a  presentation  of  an  empirical  model,  MSIS  86 
(Mass  Spectrometer  and  Incoherent  Scatter).  A  detailed  analysis  of  high  lati¬ 
tude  rocket  mass  spectrometer  data  showed  areas  of  agreement  and  of  differences 
with  existing  thermospheric  models.  A  number  of  papers  presented  results  of 
measurements  of  thermospheric  temperatures  and  winds  using  different  techniques. 
These  techniques  included  satellite  in  situ  measurements,  satellite  optical 
remote  sensing,  and  ground-based  incoherent  scatter  and  optical  measurements. 
Other  topics  covered  in  the  session  included  semi-annual  density  variations, 
changes  in  thermospheric  density  caused  by  turbopause  height  variations,  effects 
of  thermospheric  storms,  and  the  investigation  of  solar  extreme  ultraviolet, 
calcium  plage  and  infrared  emission  as  possible  alternatives  to  the  10.7  cm  flux 
as  the  primary  index  of  solar  activity. 
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STANDARD  DEVIATIONS  OF 
METEOROLOGICAL  PARAMETERS  IN  THE 
MIDDLE  ATMOSPHERE,  AS  REVEALED  BY 
ROCKETSONDE  DATA 

S.  S.  Gaigerov,  Yu.  P.  Koshclkov,  D.  A.  Tarasenko,  V.  V.  Fedorov 
and  E.  N.  Kovshova 

Central  Aerological  Observatory  of  the  State  Committee  of  the  U  S  S  R,  for 
Hydrometeorology  and  Control  of  Natural  Environment,  123376  Moscow, 
U.S.S.R. 


Standard  deviation  ((9  )  ia  a  parameter  commonly  used  to  characterize  atmos¬ 
pheric  variability  within  a  month.  Some  results  on  temperature  (£5^,)  and 
zonal  wind  (6)  variability  were  obtained  by  Barnett  (1974) .Hirota  et  al 
(1983) .Kopkinea  (1973) .Khanevskaya  (1968) .Knittel  (1976),  Koshelkov  (1980, 
1983,1984) , Voskresensky  and  Sveshnikov  (1980) ,  etc.  Typical  values  of  stan¬ 
dard  deviations  based  on  rocketsonde  information  are  presented  in  tables 
1-4  for  some  stations.  It  should  be  noted  that  contributions  of  observatio¬ 
nal  errors  into  the  total  variance  have  not  been  considered, hence  the  va¬ 
lues  of  the  standard  deviations  in  tables  1-4  should  be  greater  than  real 
atmospheric  values  of  the  deviations. 

General  increase  of  with  height  is  observed  which  is  in  accordance  with 
the  analysis  of  aerological  data  for  the  polar  stratosphere  (Khanovskaya, 

1968 j  Voskresensky  and  Sveshnikov, 198O) .  It  should  be  stressed,  however, 
that  the  magnitude  of  errors  of  rocketsonde  observations  generally  also 
tends  to  increase  with  height  (Lysenko  et  al,  1982|  Schmidlin  et  al ,  1980), 
and  sometimes  reveals  a  maximum  near  the  50  km  —  height  as  is  the  case  for 
the  Soviet  chute  wind  measurements. Besides  this,  observational  techniques 
may  change  above  60  km.  So  the  vertical  distribution  of  requires  further 
investigation. 

That  a  rapid  growth  of  variability  from  summer  to  winter  occurB.is  confirmed. 
It  should  be  remembered  that  the  relative  contribution  of  errors  of  obser¬ 
vations  into  tho  total  variance  is  greater  in  summer  than  in  winter. Values 
of  shown  in  tables  1  and  2  for  the  summer-time  are  close  to  accuracy  esti¬ 
mates  of  the  rocketsonde  measurements  (particularly  for  the  Soviet  sites), 
l.e.  real  atmospheric  variability  in  summer  is  much  lower  than  that  shown 
in  the  tables,  and  seasonal  changes  of  real  6  are  greater  than  those  calcu¬ 
lated  from  the  tables. 

The  acaaonal  variation  in  the  Antarctic  lower  and  middle  stratosphere  re¬ 
veals  some  specific  features,  with  a  maximum  of  6  falling  not  in  winter 
(as  is  usually  observed)  but  in  the  spring  season.  Differences  in  the  time 
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of  occurrence  of  seasonal  maximum  of  6  in  the  Antarctic  and  Arctic  are 
undoubtedly  related  to  the  nature  und  occurence  of  stratospheric  warmings 
in  these  regions. 

Hemispheric  asymmetries  are  revealed  in  the  variability  of  metcorologic al 
parameters  in  winter  when  it  ia  greater  in  the  stratosphere  of  the  northern 
hemispnere  than  in  the  southern  hemisphere,  ho,  in  winter,  differences  in 
6r  between  Vulgo^rad  and  Kerguelen  (or  between  lleiss  Is.  and  Uolodezlinayu) 
in  the  ^3  to  jO  lac  layer  are  significant  ut  the  0,05-0,01  levuls  according 
to  the  F  -tent  (Pano faky  and  Brier,  1972).  Similar  significance  or  the  he¬ 
mispheric  asymmetry  in  variance  is  observed  in  winter  in  the  case  of  zonal 
wind,  with  greater  values  of  6  in  the  southern  than  in  the  northern  he¬ 
misphere  up  to  the  60  Jem  level  (hemispheric  differences  could  not  be  ana¬ 
lysed  above  that  level).  In  spring,  however, ^  and  ^  are  greater  at  Uolo- 
dezJmaya  than  at  high  northern  latitudes!  a  similar  hemispheric  effect  has 
been  found  by  Hlrota  et  al  (1963)  from  satellite  radiance  data.  In  summer 
and  autumn,  (inferences  between  the  hemispheres  are  smaller. 

Values  of  <o  at  the  tropical  sites  are  comparable  to  those  obtained  during 
summer  in  higher  latitudes  and  are  much  lower  than  the  latter  during  winter 
and  spring.  Seasonal  variations  of  6)  in  tho  tropics  are  lees  pronounced 
than  those  outside  the  tropical  zone.  For  <ou  ,  maxima  in  the  upper  stratos¬ 
phere  usually  coincide  with  periods  of  easterlies  (in  the  beginning  and 
the  middle  of  tlie  year  (Hopkings,  197i> »  Kouhelkov,  1983),  while  seasonal 
trends  of  &  need  to  be  further  examined. 

HmFikRmUCsS; 
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COMPARISON  OF  MIDDLE  ATMOSPHERIC 
DATA  OBTAINED  BY  CHINESE  ROCKETS 
WITH  THE  DRAFT  OF  THE  NEW  CIRA 

11.  C.  Zlniang,  G.  Q.  Zao,  J.  II.  Tian,  R.  P.  Ma  and  Y.  F.  Wu 
Insitttnc  KifS/Hue  Physics.  Aciulcinia  Sintra.  P.R.C. 


Two  methods  of  exploration  of  the  middle  atmosphere  by  meteorolo-gicn I 
rockets  are  used  in  china:  The  rocketsonde  parachute  inct.hod  for 
altitudes  between  20  and  bO  km  and  the  inflatable  falling  sphere 
method  for  30-00  km.  The  data  from  Chinese  rocket  measurements  at  two 
launching  sites,  Gansu  (  40°  N  )  and  Yunnan  (  24°  N  ),  after  1974  are 
analysed  and  compared  with  the  draft  of  CIRA1986,  The  data  were 
usually  obtained  between  altitudes  of  20  and  60  km.  Fig.l  shows  the 
altitude  ranges  of  the  measurements  in  1979  for  examples. 
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Figure  1.  Altitude  ranges  of  the  Chinese  rocket  seasureaents  In 
Deceaber.  1079. 

COMPARISON  WITH  THE  DRAFT  OF  NEW  MODEL  CIRA 1986 

Global  mean  middle  atmospheric  temperatures  given  by  the  draft  of 
CIRA1986  consists  of  three  components  :  zonal  mean  To,  wave  number 
one  and  two  of  planetary  waves. 

T  =  T„  +  T,  C0S(  >.  -<*>,)+  T,  C0S(  2  V  <*>>  > 

where  T,  and  T,  are  wave  number  one  and  two  umpjitudes.  <p,  and  <t>K  are 
wave  number  one  and  two  phases,  and  >.  is  longitude  (deg.  F).  We 

compared  the  measured  temperature  profiles  obtained  by  the  Chinese 
rockets  with  the  new  model  mean  temperature  calculated  by  the  above 
equation.  The  results  are  shown  in  Figure  2  for  May,  June,  July  and 

December.  The  right  half  of  each  panel  of  the  figures  is-  the  differ¬ 

ence  between  the  Chinese  rochet  data  and  the  draft  of  CIKA1986. 
Please  notice  the  difference  of  the  scales  of  abscissas  between  the 
two  halves.  From  the  figures  we  can  see  that:  l.the  data  from  the 
Chinese  rockets  are  around  the  profiles  of  the  new  CIRA.  It  is  accept¬ 
able  to  use  the  new  CIRA  as  the  mean  middle  atmosphere  above  the 
rocket  sites  of  China.  2.  The  differences  of  Chinese  rocket  data  ot 
temperatures  from  the  new  model  are  mostly  within  ±5  C.and  occasional¬ 
ly  over  10  C.  3.  The  fluctuation  deviations  are  obviously  not  measure¬ 
ment  errors  of  rockets,  but  an  evidence  of  the  existence  of  gravity 
waves  of  various  wavelengths.  Because  of  the  international  comparison 
of  rocketsondes  from  different  countries  being  agreed  within  5  C,  we 
therefore  have  the  confidence  that  the  accuracy  of  Chinese  rocket 
measurements  is  close  to  the  other  countries. 
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Although  the 
dutu  of  Chinese 
rocket  meusure- 
ments  are  s purse 
and  not  enough 
to  anulyse  the 
annual  variation 
of  the  atmosphe¬ 
ric  winds,  the 
wind  direct,  ions 
measured  by  the 
Chinese  rockets 
still  show  the 
seusonul  charac¬ 
teristics  deal — 
ly  (see  Fig.  3): 
west  winds  domi¬ 
nate  in  December; 
east  winds  in 
June  und  July. 
For  wind  direc¬ 
tions  measured 
in  May  at  Gansu 
station,  it  is 
east  wind  on 
20th  and  30th 
but  sti 1 1  west 
wind  on  13th  and 
below  km. 

Therefore ,  we 
can  say  that  the 
spring  reversal 
of  middle  atmo¬ 
spheric  winds 
above  Gansu  sta¬ 
tion  appears  in 
the  first  half 
of  May.  From  the 
Chinese  rocket 
data,  we  could 
always  see  the 
gravity  waves 
clearly  (Figures 
2  &  3  ) .  Accord¬ 
ing  to  the  defi¬ 
nition  given  by 
the  draft  of 
C IRA 1986.  mean 
values  of  gravi¬ 
ty  wuve  intensi¬ 
ties  from  Chi¬ 
nese  rocket  data 
averaged  for 
euch  month  und 
euch  station  are 
shown  in  Figure 
4  together  with 
the  estimate  of 
the_  stundurd 
deviation  uround 
the  monthly  mean 
(  denoted  by 
vertical  burs  in 
the  figure  ).  In 
the  figure,  May, 
June  und  July 
are  for  the 
s tut  ion  of  40^  N , 
but  December  is 
for  the  station 
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are  msec'  km' ‘ 
for  wind  and 
Kknf 1  for 

temperature . 
figures  above, 
the  abscissa  arc 
tota 1  number  of 
intensities  used 
in  these  statis¬ 
tics  for  tem¬ 
perature  (  above 
) ,  northsouth 
wind  (  middle  ) 
and  eastwest 
wind  (  below  ) . 
From  Fig.  4 ,  the 
transient  vari¬ 
ability  charac¬ 
teristics  of  the 
gravity  waves 
indicated  by  the 
draft  of  new 
C1RA  can  be  ob¬ 
served  . 
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The  rocket  launching  site  of 
24° N  is  located  within  the  region 
of  tropical  conditions  for  the 
International  Tropical  Reference 
Atmosphere  proposed  by  the  draft  of 
CIRA1986.  We  have  already  shown  the 
1TRA  in  Figure  2  d),  from  which  we 
can  see  that  between  20  and  45 
km, the  tropical  model  is  very  close 
to  the  global  model  and  also  agrees 
with  our  rocket  data.  But  for  the 
altitudes  between  45  and  60  km,  the 
tropical  model  is  higher  than  the 
global  one.  The  largest  difference 
is  up  to  11  degrees.  Our  data  ore 
lower  than  the  tropical  model  and 
more  close  to  the  global  model. 
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CONCLUDING  REMARKS 


From  the  comparison  of  the  data 
obtained  by  the  Chinese  rocket  mea¬ 
surements  with  the  draft  of 
ClAA198o,  we  will  come  to  some 
conclusive  concepts; 

1.  The  altitude  profiles  of  the 
middle  atmospheric  temperature  mea¬ 
sured  by  Chinese  meteorological  ro¬ 
ckets  are  fluctuating  around  the 
basic  globul  temperature  construc¬ 
tions  given  by  the  draft  of  C1RA1986, 
the  agreement  is  very  good.  It  shows 
that  the  C1RA1986  is  a  suitable 
representative  for  the  mean  situa¬ 
tion  of  the  middle  atmosphere  above 
our  country.  In  the  mean  time,  it 
is  shown  that  the  accuracy  and  reso¬ 
lution  of  Chinese  rocket  measure¬ 
ments  are  at  the  same  level  as  those 
of  other  countries. 

2.  The  wind  data  from  Chinese 
rockets  show  clearly  the  seasonal 
characteristics:  the  east  winds  pre¬ 
vail  in  summer  and  west  winds  in 
winter,  the  wind  reversal  in  spring 
above  the  40° N  station  is  in  the 
first  half  of  May. 

3.  The  order  of  magnitudes  and  the 
trends  of  gravity  wave  intensi-ties 
are  similar  with  those  in  the  draft 
of  new  CIRA. 


4.  The  tropical  model  proposed  by  the  new  model  is  commonly  higher 
than  the  global  model  in  the  altitude  region  of  45-60  km  and  also 
higher  than  the  temperature  profiles  measured  by  Chinese  rockets  at 
the  Yunnan  station  of  24UN. 
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COMPARISON  OF  TIME-PERIODIC 
VARIATIONS  IN  TEMPERATURE  AND  WIND 
FROM  METEROLOG1CAL  ROCKETS  AND 
SATELLITES 

A.  D.  Belmont 

Control  Data,  P.O  Box  1249,  Minneapolis,  MN  55440,  U.S.A. 


ABSTRACT 

Although  the  Meteorological  Rocket  Network  operated  by  or  in  cooperation 
with  the  United  States  has  decreased  from  fourteen  to  nine  stations  since 
1979,  there  have  been  many  observations  accumulated  in  the  years  since 
Cl RA  1972  was  prepared  with  data  up  to  1969.  The  mean,  annual  and 
semiannual  variations  of  temperature  and  wind  are  presented  and  compared 
with  the  Oxford  SCR-PMR  five-year  data  set,  the  CDC-SCR  seven-year  data, 
and  CIRA  1972  with  respect  to  both  temperature  and  zonal  winds,  as  tar  as 
presently  available.  The  agreement  among  the  data  sets  is  generally  very 
good . 


INTRODUCTION 

The  purpose  of  this  paper  is  to  review  the  available  variability 
statistics  for  temperature  and  wind  in  the  region  from  20  to  70  km  to  help 
in  the  selection  of  the  best  information  available  for  a  revised  CIRA. 
There  are  many  different  data  sources  but  they  will  be  limited  here  to 
those  with  at  least  five  years  of  record.  They  will  be  intercompared  with 
respect  to  their  means,  and  periodic  time  variations.  The  satellite  data 
were  not  operational,  real-time  data,  but  were  processed  years  after  the 
observations  were  made,  taking  account  of  all  corrections  that  became 
known  in  the  interim.  These  three  sets  are: 


Variables 

Source 

Abbr . 

Instrument  &  Period  of 

Record 

T,  H ,  W , 

Oxford 

OXF 

Two  years  of  SCR  (1973 
years  PMR  (1975-1977) 

-1974)  plus  throe 

T 

1977) 

CDC 

SCR 

Seven  years  of  SCR  (April  1970-April 

T,  W, 

WDC-A 

MRN 

Meteorological  rockets 

(MRN)  (1960-10(12) 

(T  =  temperature,  H  =  geopotential  altitude,  W  =  wind) 


An  evaluation  of  the  differences  of  these  data  sets  will  be  reviewed  here. 

The  atmosphere's  variability  extends  over  a  wide  range  of  time  and  space 
scales  including  solar  cycles,  quasi-biennial,  interannual,  annual, 
semiannual,  and  terannual  periods  and  diurnal  and  semidiurnal  tides,  and 
by  space  scales  of  planetary  waves,  gravity  waves,  and  local  turbulence. 
Hence,  statistical  estimates  of  these  variations  will  vary  with  the 
observational  sampling  rates  in  time  and  space  and  the  total  number  of 
observations.  This  summary  will  discuss  only  the  means,  and  annual  and 
semiannual  variations. 

CIRA  1972  /l/  contained  no  satellite  data  for  the  range  25  to  60  km. 

Tables  and  graphs  were  based  entirely  on  meteorological  rocket  data.  In 
revising  CIRA  it  was  agreed  that  both  satellite  and  rocket  data  would  be 
examined  and  compared  before  deciding  which  data  or  combination  of  data 
would  suit  the  purpose  most  reliably  at  this  time. 
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fad.  instrument  has  its  advantages  and  disadvantages.  Satellite  data, 
taken  by  a  sinqle  instrument  during  the  life  of  a  given  satellite,  are 
consistent  with  each  other  and  observations  are  on  a  global  scale. 

Satellite  radiometers,  however,  generally  need  to  be  recalibrated  during 
their  litetiir.es  because  of  degradation  problems.  Dow/. ward  sensing 
radiometers  have  relatively  coarse  vertical  resolution  of  10-20  km. 
Scanning  radiometers  provide  excellent  horizontal  coverage  but  the  SCR  and 
KiR  instruments,  for  which  data  sets  are  now  available,  provided  orbital 
plane  data  only,  consisting  of  13  and  a  fraction  orbits  a  day  separated  by 
about  i‘o°  ol  longitude.  The  orbits  shift  continually  from  u.iy  to  day 
returning  to  the  same  observation  orbits  at  approximately  two  week 
intervals.  Data  for  fixed  grids  can  be  obtained  by  interpolation  between 
orbits  on  a  daily  basis.  It  is  not  possible  to  obtain  tidal  variations 
Horn  a  single  orbiting  satellite. 

For  climatological  purposes,  variations  are  primarily  required  as  a 
runction  of  altitude,  latitude,  and  time,  although  longitudinal  variations 
may  also  be  important.  Meteorological  satellite  temperature  observations 
have  only  been  available  since  about  1970.  The  reduction  of  the  radiance 
data  to  provide  temperatures  is  generally  done  by  one  or  two  methods.  The 
tirst  is  the  inversion  of  the  Planck  radiative  equation  which  requires 
estimates  or  the  instrument's  weighting  function  for  each  frequency 
observed,  and  a  good  tirst  guess  of  the  temperature  profile  in  advance. 

It  should  be  stressed  that  the  inversion  technique  does  not  provide  a 
unique  solution,  and  that  the  first  guess  strongly  influences  the  final 
result.  First  guesses  are  commonly  based  on  climatology  derived  from 
meteorological  rocket  and  radiosonde  data.  The  second  technique  is  a 
statistical  approach  which  simply  regresses  observed  radiances  in  several 
channels  against  coincidental  rocket  observations  as  close  as  possible  in 
space  and  time  to  the  radiance  observations.  These  statistics  generally 
produce  reasonable  results  at  those  locations  where  there  are  adequate 
rocket  observations.  As  will  be  seen  below,  this  is  not  always  possible. 
The  method,  however,  is  simple  and  straightforward  and  involves  tew 
assumptions,  but  depends  largely  on  an  adequate  sample  to  provide  reliable 
regression  coefficients. 

Meteorological  rocket  data  provide  direct  measurements  of  temperature  and 
wind  .is  a  function  of  altitude  at  a  given  place.  Vertical  resolution  is 
1  to  2  km.  The  main  limitation  is  the  paucity  of  rocket  stations. 
Unfortunately  tor  scientific  users,  rocket  gbservagion  locations  have  been 
grouped  mainly  in  the  latitude  belt  from  30  to  40  N .  North  American 
rocket  observations  began  about  1960,  and  the  network  gradually  .increased 
to  its  maximum  density  about  1976,  and  thereafter  declined  rapidly  over 
North  America  losing  five  stations  from  1979-82.  QAt  present,  there  are  no 
operational  stations  in  North  America  north  of  56  and  only  two  remain 
in  the  Southern  Hemisphere,  at  8°5  and  6U°S,  although  there  are 
Russian  rocket-launching  ships  which  are  gradually  accumulating 
observations  grouped  by  latitude  and  month  /2/.  A  table  of  the  available 
rocket  data  used  in  this  report  is  given  in  Table  1.  It  will  be  noticed 
that  most  of  the  Northern  Hemisphere  stations  used  hereQare  in  North 
Amirica.  Throe  Russian  stations,  at  80°N,  48  N,  and  68  S,  use  the 
M-100  instrument  which  appears  not  to  be  compatible  above  50  km  with  the 
sensors  used  in  the  North  American  rockets.  Continuing  efforts  at 
intercalibration  have  been  made,  but  the  necessary  corrections  to  be 
applied  to  the  past  M-luO  observations  are  apparently  not  available.  The 
correction  history  changes  in  time,  and  it  is  difficult  to  learn  whether 
data  provided  by  the  World  Data  Center-A  have  been  corrected  and  if  so,  by 
how  much,  and  whether  this  correction  varied  in  time.  A  variety  of 
sensors  has  also  been  used  in  American  rockets.  A  description  of  locket 
errors  and  interca 1 ibrat ion  can  be  found  in  /2,3/. 

So  long  as  one  depends  upon  satellite  data  for  future  requirements,  there 
will  be  a  need  tor  direct  rocket  measurements  at  a  wide  range  of  latitudes 
and  tnroughout  the  year  with  which  to  verity  and  calibrate  satellite  data. 

DATA 

OXF 


The  Oxford  satellite  temperatures  and  derived  heights  and  winds  were 
assembled  from  two  years  (1973-74)  of  radiances  from  the  Selective  Chopper 
Radiometer  plus  three  years  (1975-77)  from  the  Pressure  Modulator 
Radiometer.  A  discussion  of  the  data  will  be  given  in  a  following  paper 
ot  tins  session  /6/.  It  should  be  noted,  however,  that  the  RMR  instrument 
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retrieves  temperatures  up  to  near  85  km,  and  thus  provides  information 
beyond  the  reach  o£  standard  meteorological  rockets.  This  means  that  only 
radiative  equation  inversions  can  be  used  to  obtain  temperatures  with  PMR . 


The  SCR  temperature  data  from  CDC  for  the  seven  years  (1970-1977)  wen 
obtained  from  radiances  calibrated  by  Oxford,  or  by  CDC  with  Oxford 
calibration  factors,  and  the  use  of  a  multiple  non-linear  regression 
against  rocket  data.  The  regressions  were  done  by  winter  and  summer 
seasons  with  April  1  and  October  1  being  the  dividing  dates.  To  a.s  ■  i 
for  possible  drifts  in  the  radiances,  the  regressions  were  rcconput •  l 
every  six  months.  The  errors  of  rearession  were  aenerallv  2  to  1C  is 
estimated  from  five  different,  random,  independent  sets  of  rocket  data 
each  sot  consisting  of  15%  of  the  total  data  available.  As  there  are 
tew  reliable  rocket  data  in  the  Southern  Hemisphere,  the  regressions  i 
the  Northern  Hemisphere  were  applied  to  the  Southern  Hemisphere  rudiar 
six  months  later.  This  means  that  for  any  northern  hemisphere  winter 
which  experienced  large  sudden  warmings,  the  regression  coefficients  r 
be  slightly  different  from  true  Southern  Hemisphere  winter  coefficient 
where  warmings  are  not  as  frequent  or  as  intense.  To  oxter  1  the  cross- 
section  downward  from  30  to  20  km,  north  of  20°N,  MMC  radiosonde  data 
were  added  to  the  altitude-latitude  sections  for  the  same  dates. 


Only  meteorological  rocket  network  data  as  available  from  World  Data 
Center-A  were  used  here.  Unfortunately,  despite  very  long  delays  in 
processing  rocket  data  at  WDC-A,  there  is  no  real  quality  control  of  any 
of  the  observations.  It  is  assumed  that  each  individual  station,  or  its 
processing  center,  carefully  does  this.  Meteorological  rocket  data 
received  by  teletype  for  operational  use  frequently  contain  serious  errors 
and  are  not  recommended  for  any  scientific  purpose  when  there  is  time  to 
obtain  more  reliable  data.  Russian  rocket  data  taken  since  1979  are  not 
available  from  WDC-A,  so  it  is  doubly  unfortunate  that  many  North  American 
stations  at  high  latitudes  have  been  closed  since  1077.  This  also 
prevents  the  future  use  of  rocket  data  to  retrieve  satellite  temperatures 
at  high  latitudes. 

With  respect  to  possible  solar  cycle  influences  above  50  km,  the  dates  ef 
the  establishment  and  the  reduction  of  the  rocket  network  wore  not 
helpful.  The  major  solar  maximum  of  1959,  and  the  recent  one  of  l'>60, 
both  occurred  at  a  time  when  there  were  few  rocket  stations,  especially  at 
high  latitudes  where  any  solar  effect  is  likely  to  be  strongest. 
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Only  stations  with  the  most  observations  were  used  at  a  given  latitude 
where  there  were  several  to  choose  from  (e.g.  Thumba  was  not  used). 

Stations  with  less  than  150  observations  were  generally  not  used  unless 
there  was  no  other  station  near  that  latitude;  also  if  the  distribution  of 
observations  was  not  spread  over  the  year,  the  station  was  not  used 
(Can) .  It  is  highly  recommended  that  meteorological  rocket  network 
stations  be  distributed  more  evenly  with  respect  to  latitude,  including 
the  southern  hemisphere. 

The  influence  of  standing  planetary  waves  introduces  much  irregularity 
when  stations  from  ail  longitudes  are  combined  onto  a  single  cross 
section.  Elimination  of  five  pacific  region  stations  (Poker 
Flat/Ft.  r.reely,  Shemya,  Ryori,  Harking  Sands,  Kwajalein),  despite  the 
many  observations  at  the  latter  two  stations,  would  have  produced  smoother 
analyses.  The  five  stations  were  analyzed  separately  from  the  continental 
stations  and  the  alt i tude- lat i tude  patterns  were  very  similar  although 
absolute  values  differed  due  to  planetary  wave  influence  as  shown  in  /5/. 

A  further  caveat  in  the  interpretation  of  all  rocket  and  satellite  data  is 
that  there  are  no  tidal  corrections  presently  available  although  the 
region  to  which  the  data  apply  are  known  to  have  large  tides.  It  is 
possible  that  tidal  estimates  will  become  available  in  the  near  future 
which  can  be  applied  to  both  past  and  future  observations. 
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TABLE-  1 _ Rocketsonde  Stations  Used 


Latitude 

Londitude 

_K_ 

Period  of  Record 

Heiss  Island 

80°37  *N 

58°03  '  E 

601 

1957-75  * 

Thule 

76°33'N 

68  °49  1 W 

1199 

1965-80 

Poker  Flat 

65°07 ' N 

147°29  'W 

838 

1972-79 

Fort  Creoly 

o4°GQ 

145°44  'W 

1222 

1960-72 

Fort  Churchill 

t>8°44  *  N 

93°49  'W 

2005 

1960-79 

Pn...rose  Lake 

54°45'N 

1 1 0°0  3 ‘ W 

1238 

1964-82 

Cherny  a 

52°43 'N 

174^06  1  E 

932 

1975-82 

Volgograd 

48°41 ‘ N 

44°2l ' E 

423 

1969-75  * 

Ryor  i 

39°02  *N 

141°90'E 

17  5 

1970-72,  79-82 

V.'aHops  Island 

37°90'N 

7  5°29 ' W 

2890 

1960-82 

Pt .  Mugu 

34°07  *N 

119°07  *W 

34  32 

1960-82 

Ulilti:  Panels 

32°23 1 N 

106°29'W 

4  69b 

1959-82 

Cape  Kennedy 

2 B°2 7  'N 

B0°32  'W 

3792 

1960-82 

barking  Sands 

22°02 'N 

159°47  *W 

2580 

1960-82 

Grand  Turk  Island 

21°26'N 

7 1°09  '  W 

223 

1963-66 

Ant igua 

17°09 'W 

61^47 1 W 

1319 

1963-82 

Fort  Snerman 

09°20'N 

79°59 ‘W 

1554 

1966-79 

Kwajalein 

08°44 1 N 

167°44  'E 

1668 

1963-82 

Natal 

05°55'S 

35°10'W 

78 

1969-76 

Ascension  Island 

07°59 'S 

14  °2  5  '  W 

2316 

1962-82 

Woomera 

30°56'S 

136°31 1 E 

96 

1962-72 

Mar  Ctuquita 

37°45’S 

57°25'W 

58 

1969-76 

Molodezhnaya 

67  40  'S 

45°5l'E 

253 

1969-75  * 

*  Later  data  exist  but  unavailable  from  WDC-A 


ANALYTICAL  METHOD 


A  multiple  linear  regression  is  used  to  determine  the  amplitudes  and 
phases  of  the  periodic  features  in  the  biweekly  averages  of  daily  data, 
sine  and  cosine  function  pairs  are  used  to  represent  the  annual, 
semiannual,  and  terannual  oscillations;  a  mean  and  trend  are  also 
determined  during  the  regression.  The  QBO  is  represented  by  two 
empirically-determined  time  series  of  amplitudes  derived  from  tropical 
data.  The  method  by  which  these  series  are  generated  requires  further 
elaboration. 

The  QBO  is  observed  to  have  a  continuously  variable  period  and  amplitude. 
For  these  reasons,  the  QBO  signal  in  the  tropical  lower  stratosphere  was 
used  to  define  a  reference  signal  with  variable  period  and  amplitude  from 
cycle  to  cycle.  This  signal  was  then  used  in  the  regression.  A  second 
time  series  ot  equal  variance  which  was  orthogonal  to  and  90°  out-of 
phase  with  the  original  QBO  signal  was  created  using  a  Hilbert  transform. 
This  transformed  signal  was  also  used  in  the  regression.  The  original  QBO 
reference  signal  was  obtained  from  the  zonal  winds  at  30  km  altitude  from 
Fort  Sherman  (9.33  N),  Kwajalein  (8.73°N),  and  Ascension  (7.9b°S). 
Thirty-day  means  were  obtained  from  each  station,  and  the  mean,  trend, 
annual,  uuraiannual,  and  terannual  signals  were  removed  using  the 
regression  technique.  The  residual  means  were  then  averaged  over  the 
tiuuu  stations  to  provide  a  continuous  QBO  record  from  late  1962  through 
19U2.  The  exact  values  of  the  series  at  biweekly  intervals  are  obtained 
through  three-point  Lagrangian  interpolation. 

The  errors  in  fitting  periodic  functions  to  the  data  were  used  to  evaluate 
the  reliability  ot  the  data  in  the  contouring  of  amplitudes  and  phases. 
Diagrams  of  the  annual,  semiannual,  terannual,  and  QBO  were  made  using 
only  those  amplitudes  (and  corresponding  phases)  that  were  equal  to  or 
larger  than  the  associated  standard  deviation.  Also,  at  least 
49  bi-weukly  periods  of  data  were  required.  The  means  for  all  stations 
ware  adjusted  to  a  common  reference  date  (1972)  to  avoid  the  effect  of 
long  period  trends.  In  Figs.  1-10,  tick  marks  along  the  upper  edge 
indicate  rocket  launch  sites. 

COMPARISON  OF  VARIATIONS 

Figs.  1-13  present  the  amplitudes  of  the  means,  annual,  semiannual  and 
qu.isi-biennial  waves.  The  values  in  Figs.  1-6  are  for  the  amplitudes  of 


fiq.  10.  Amplitude  of  the 
quasi-biennial  wave  in  zonal  wind, 
D./u,  troit.  MHN,  1000-1082  . 
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Fig.  i:.  Phase  dates  of  the  annual 
variation  in  temperature  from  MRN . 
1  =  January  first.  Triangles 
indicate  a  region  of  1°K  amplitude 
or  less. 


Fig.  13.  Phase  dates  of  the 
semiannual  variation  in  temperature 
trom  MRN.  1  =  January  first. 
Triangles  indicate  a  region  of  1°K 
amplitude  or  less. 


!1CR  and  MRN  temperature,  and  those  in  Figs.  7-11  are  for  MRN  wind. 

Figs.  12  and  13  present  the  corresponding  phases  of  MRN  temperature 
i ives.  The  values  of  OXF  are  discussed  in  more  detail  in  Section  2.3.0. 
Periodic  variations  of  the  wind  are  presently  available  only  from  MRN. 

Note  that  these  cross  sections  are  machine  contoured  and  lack  smoothness, 
especially  at  highest  altitudes  due  to  the  inhomogeneity  ol  the  data.  The 
general  patterns  of  maxima  are  not  affected,  however,  and  the  amplitude 
and  phase  values  discussed  below  were  taken  from  tabulations  rather  than 
the  plots,  whenever  possible. 


Sample  values  at  three  latitudes  are  summarized  in  Table  2.  The  agreement 
.s  far  better  than  expected  considering  the  different  sensors,  data 
sources,  methods  of  reduction  of  the  raw  data,  interpolations  to 
latitude-altitude  grids  for  automated  contouring,  graphical  smoothing 
techniques,  and  problems  of  different  longitudes  of  the  stations,  periods 
of  record,  sample  size  and  uneven  distribution  of  data  in  space  and  time. 
For  the  annual  variation  in  temperature  (Figs.  3,4  and  also  Fig.  1  in 
Pert  ion  7.3.5;  note  latitude  scales),  the  most  noticeable  difference  is  in 
the  altitudes  of  the  maximum  amplitude  shown  by  SCR  and  OXF.  SCR  shows  a 
niximum  near  3  mb  (40  km)  at  80°S,  while  the  OXF  maximum  lies  near  11  mb 
!2J  km).  OXF  is  in  fair  agreement  with  MRN,  where  ttieir  data  overlap. 
Phase  dates  are  at  the  solstices  (Fig.  11).  The  corresponding  annual 
amplitude  of  the  wind  (Fig  8)  shows  large  mid-latitude  maxima  centered 
near  60  km,  in  general  agreement  with  Fig.  38  in  CIRA  1972. 

The  semiannual  wave  in  temperature  (Figs.  5,6,  Table  2;  cf.  2.3.5, 
riguro  1),  is  of  interest  because  it  is  as  strong  or  stronger  at  both 
polar  regions  than  at  the  equator.  Although  the  polar  waves  have 
generally  not  been  recognized,  they  are  shown  in  /6,  10/,  and  they  are 
strongly  confirmed  by  all  three  present  data  sources  (Table  2).  The  phase 
of  the  maximum  amplitude  in  the  equatorial  semiannual  wave  in  temperature 
fFig.  12)  is  equinoctial  and  propagates  downward,  while  those  of  the  polar 
centers  are  solstitial.  The  OXF  and  MRN  data  show  the  semiannual 
amplitude  pattern  in  temperature  at  high  latitudes  as  a  vertical  sequence 
of  cells  continuing  into  the  upper  mesosphere  where  the  semiannual 
variation  in  wind  has  been  reported  earlier  /7/. 


The  MRN  semiannual  wave  in  the  wind  (Fig.  9)  shows  the  well-known  tropical 
-iximun  near  50  km,  displaced  south  of  the  equator,  with  bands  of  max  in, um. 
extending  poleward.  The  semiannual  wind  phase  dates  at  these  centers  of 
miximum  amplitude  in  both  the  polar  regions  and  the  tropics  is  equinoctial 
and  agrees  in  general  with  /4/.  Where  the  amplitude  is  weak,  below  35  km, 
the  phase  may  appear  occasionally  as  solstitial.  It  has  been  suggested 
♦hat  the  amplitude  of  this  wave  may  be  related  to  the  solar  cycle,  showing 
higher  values  during  solar  maximum  /8/.  £ig.  11  shows  how  the  amplitude 
of  the  semiannual  maximum  in  wind  near  50  N  apparently  changes  with 
solar  cycle.  It  is  not  yet  possible  to  confirm  this  solar  cycle 
hypothesis  with  satellite  data  because  there  are  only  8  years  of  NCR  data 
(1070-78),  and  high  latitude  MRN  data  have  ended  in  North  America.  The 
recent  sol  Jr  maximum  years  1978-82  were  examined,  but  there  were  only 
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Shemya  and  Primrose  Lake  with  any  data  to  1982  and  these  stations  had  too 
few  observations  above  50  km  to  permit  any  conclusions.  Possibly  later 
satellite  data  for  this  region  will  clarify  the  matter. 

The  quasi-biennial  wave  in  zonal  wind  (Fig.  10)  from  MRN  data  has  no 
counterpart  in  the  other  data  sets  with  which  to  compare  it.  The  tropical 
values  agree  well  with  those  in  /4/.  The  other  areas  remain  uncertain  due 
to  lack  or  adequate  data.  The  QbO  temperature  field  in  the  tropics  agrees 
with  /6/,  but  its  magnitudes  elsewhere  are  unreliable,  and  are  not 
reproduced  here.  The  terannual  wayes  are  also  omitted  for  the  same  reason 
and  tor  the  growing  expectation  that  this  harmonic  does  not  represent  a 
■sicul  phenomenon. 
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1.  Values  are  taken  from  tables,  if  available,  interpolating  when 
necessary.  figures  are  used  it  tables  not  available. 

2.  Values  in  parentheses  were  estimated  from  mean  of  January  and  July 
values  read  from  tables. 

3.  No  SCR  data  available  below  10  mb  south  of  20°5. 
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Comparison  of  Time-Periodic  Variations 


SUMMARY  OF  RESULTS 

1.  The  three  sets  of  data  agree  remarkably  well.  This  may  be  due  in  part 
to  ultimate  reliance  upon  a  climatology  based  on  meteorological  rocket 
profiles  which  still  serves  as  the  only  large  body  of  independent  data  for 
the  middle  atmosphere. 

2.  Semiannual  variations  in  wind  and  temperature  at  high  latitudes  of 
both  hemispheres  are  confirmed,  but  the  cause  of  the  semiannual 
oscillation  at  high  latitudes  is  still  unknown. 

3.  Possible  solar  modulation  of  the  semiannual  wave  during  the  1979-81 
maximum  could  not  be  detected  at  high  latitudes  due  to  reduction  in  the 
MRN  rocket  network. 

4.  Meaningful  comparisons  of  data  require  data  for  the  same  years  and 
place,  not  just  for  equal  periods  of  record. 

5.  Resultant,  observed  temperatures  or  winds  are  made  up  of  many  periodic 
and  quasi-periodic  components,  possibly  including  solar  effects,  that 
modeling  must  take  into  account. 

RECOMMENDATIONS 

1  Best  present  estimates  of  middle  atmosphere  climate  are  from  satellite 
global  data.  A  data  set  consisting  of  PMR  and  SAMS  to  85  km  for  8  years, 
plus  5  years  of  SCR,  plus  continued  SSU  and  similar  instruments  which 
sense  to  50  km,  is  now  within  reach.  Resumption  of  the  PMR  type 
measurements  is  highly  recommended. 

2.  MRN  data  must  be  separated  by  region.  Longitudinal  variations  due  to 
planetary  waves  may  be  large.  Thus  the  sparse  MRN  data  are  best  used  for 
vertical  resolution  at  a  given  place,  and  not  for  representative  global 
coverage . 

3.  Added  MRN  stations  are  needed  for  satellite  temperature  retrievals, 
calibration  and  verification,  especially  at  high  latitudes. 

4.  MRN  data  need  to  be  carefully  quality  controlled. 

5.  Tidal  corrections  are  needed  to  adjust  single  observations  per  day 
into  more  representative  values. 
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MIDDLE  ATMOSPHERE  MODELS  AND 
COMPARISON  WITH  SHUTTLE  REENTRY 
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ABSTRACT 

Several  middle  atmosphere  models  will  be  reviewed,  including  a  new  set  of 
mxiels  produced  by  Groves  in  1985.  The  latter  models  are  based  on  rocket  and  rawinsonde  in 
situ  measurements  and  satellite  remote  sounding  temperature  data.  The  models  are  compared 
with  measurements  made  with  instruments  on  board  U.  S.  Shuttles  during  their  reentry. 
Very  useful  atmospheric  density  data  have  been  obtained  in  the  altitude  region  from  50  to 
80  km.  The  measurements  are  unique  in  that  they  are  made  by  a  vehicle  travelling  almost 
horizontally  through  the  atmosphere  at  a  velocity  of  6  to  7  knv/sec.  This  results  in  me¬ 
asurements  along  a  path  of  approximately  8,000  km  in  a  time  interval  of  about  20  minutes. 
The  results  show  some  unique  features. 


MIDDLE  ATMOSPHERE  MODELS 

Several  middle  atmosphere  models  will  be  reviewed  and  compared  with  data 
derived  from  instruments  on  board  reentering  U.  S.  shuttle  vehicles.  The  first  set  of 
models  is  contained  in  the  COSPAR  International  Reference  Atmosphere  (CIRA)  1972/1/.  The 
middle  atmosphere  models  were  developed  by  Prof  G.  V.  Groves  and  extend  in  altitude  from 
25  to  110  km  (with  some  values  at  the  higher  altitudes  uncertain).  Monthly  models  are 
presented  for  latitudes  at  10  degree  intervals  from  the  equator  to  70°  N.  Properties 
include  temperature,  density  and  presssure.  In  addition,  monthly  models  are  given  for 
west-east  winds  for  altitudes  from  25  to  130  km  and  latitudes  from  0  to  80°.  There  are 
many  gaps  in  the  wind  tables  for  regions  where  data  were  not  available.  Separate  winter 
models  are  presented  for  North  America  and  Europe/West  Asia. 

The  second  set  of  models  is  the  AF  Reference  Atmospheres  1978/2/.  They  extend 
from  the  ground  to  an  altitude  of  90  km  and  contain  values  of  temperature,  density  and 
pressure.  The  principal  tables  contain  monthly  values  for  northern  latitudes  at  15  degree 
intervals  from  the  equator  to  the  pole.  There  are  also  tables  for  the  median  high  and  low 
percentile  values  of  temperature  and  density  at  altitudes  to  80  km  for  January  and  July 
for  northern  latitudes  from  30°  to  75°. 


Fig.  1.  Average  monthly  mean  rocket 
models  minus  satellite  temperatures  for 
Koshelkov  AF  Reference  Atmospheres 
— ,  CIRA  1972 — ...  Weighted  mean  of 
the  tocket  models — . 


Fig.  2.  Comparisons  of  January  mean 
density  deviations  from  zonal  mean 
values  for  AF  Reference  Atmospheres — 
and  Groves  model  —  for  3  longitudes. 
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Groves/3/recently  completed  a  new  set  of  models  for  the  18  to  80  km  altitude 
region.  The  new  models  are  based  on  rocket  and  rawinsonde  in  situ  measurements  and  the 
satellite  remote  sounding  temperature  models  of  Barnett  and  Corney/4/.  In  addition  to 
northern  hemisphere  in  situ  data,  results  from  a  large  number  of  Russian  southern 
hemisphere  rocket  measurements  are  included/5/.  The  rocket  and  remote  sounding  temperature 
profiles  for  comparable  conditions  are  not  in  complete  agreement  and  so  we  evaluated  the 
relative  errors  and  empirically  determined  mean  profiles.  Thus  the  new  models  are  based  on 
the  integrated  evaluation  of  all  available  in  situ  and  remote  sounding  data.  The  relative 
temperature  profiles  are  plotted  in  Figure  1.  What  are  plotted  in  the  figure  are  the 
differences  between  the  temperature  profiles  in  three  reference  atmospheres  based  on 
rocket  data  and  Che  satellite  temperature  profiles  for  corresponding  conditions.  Average 
monthly  mean  (excluding  winter  values)  profiles  are  given  for  four  latitudes  for  CIRA 
1972,  A F  Reference  Atsxisphe res  1978  and  Koshelhov  1983/5/.  (Note  that  northern  hemisphere 
rocket  values  were  compared  with  northern  hemisphere  satellite  values  and  correspondingly 
the  southern  hemisphere  rocket  and  satellite  values  were  compared.)  The  solid  curves 
represent  the  adjustments  made  to  the  satellite  teoperatures  based  on  weighted  averaging 
of  the  other  curves.  Table  1  contains  a  sample  page  of  the  zonal  mean  densities  for 
November  from  Grove's  new  models/3/.  Longitudinal  dependent  models  were  also  developed 
based  on  the  wave  1  and  wave  2  models  of  Barnett  and  Cotney/6/.  Figure  2  contains 
comparisons  of  density  deviations  for  January  from  the  zonal  mean  profiles  for  tile  new 
models  and  the  AF  Reference  Atmospheres  1978  for  three  longitudes.  The  agreement  is  mode¬ 
rately  good,  but  the  new  models  are  global,  extend  to  higher  altitudes  and  are  probably 
more  accurate  due  to  the  inclusion  of  the  satellite  remote  sounding  data.  Groves  models 
can  be  entirely  represented  by  analytical  expressions. 


The  models  we  have  considered  so  far  are  mean  models.  For  many  applications 
we  need  information  on  short  term  systematic  variations  and  also  on  the  extent  of 
variability  about  mean  values.  One  set  of  systematic  variations  are  those  due  to  tides 
induced  by  solar  heating.  Forbes/7/  has  investigated  theoretically  the  diurnal  and 
semidiurnal  tides.  As  might  be  expected,  the  largest  tidal  effects  occur  at  low  to  middle 
latitudes.  The  amplitudes  are  relatively  small  in  the  stratosphere  and  mesosphere, 
increasing  with  altitude  until  they  provide  major  variations  in  the  lower  thermosphere . 
Some  aspects  of  atmospheric  variability  will  be  considered  when  we  analyze  data  obtained 
during  the  reentry  of  Shuttle  vehicles. 


SHUTTLE  REENTRY  DATA 


Density  data  obtained  during  the  reentry  of  four  Shuttle  flights,  STS-1, 
STS-2,  STS-4,  and  STS -5  are  presented  and  compared  with  several  models.  All  these 
vehicles  were  launched  from  the  Kennedy  Space  Center,  Florida  and  landed  at  Edwards  Air 
Force  Base,  California.  The  landing  times  are  given  in  Table  2.  The  data  were  obtained 
from  the  drag  measured  by  the  Inertial  Motion  Units  (IMUs)  which  contain  accelerometers 
with  sensitivity  in  the  milli-g  range. 


FLIGHT 


LANDING 


STS-1 

STS-2 

STS-4 

STS- 5 


APRIL  14,  1981 
1021  PST 


NOVEMBER  14,  1981 
1323  PST 


JULY  4,  1982 
0809  PST 


NOVEMBER  16,  1982 

0633  PST 


TABLE  2.  Larking  dates  and  times 


In  Figure  3  is  plotted  the  ratio  of  the  density  derived  from  the  drag 
acceleration  on  STS-1  during  reentry  to  the  density  from  the  U.  S.  Standard  Atmosphere 
1976/8/.  The  meteorological  profile  provided  for  the  reentry  is  also  given.  In  addition, 
the  ratios  of  the  densities  to  the  Standard  for  April  from  the  CIRA  72  and  Groves  85 
models  for  25*  N  latitude  and  from  the  Air  Force  Reference  atmospheres  78  (AFRA  78)  for 
30*  N  latitude  are  plotted.  It  should  be  noted  that  the  time  during  reentry  passes  from 
right  to  left.  The  nmteorologiCal  profile  based  on  rocketsonde  data  agrees  better  with 
the  models  than  does  the  Shuttle  data.  Note  that  the  Shuttle  data  exhibits  fine  scale 
fluctuations,  particularly  at  the  higher  altiudes.  These  fluctuations  may  be  due  to 
turbulence  or  gravity  waves  in  the  atmosphere,  but  it  is  impossible  to  rule  out  that  some 
part  may  be  due  to  turbulence  induced  by  the  very  high  speed  shuttle  flight  or  due  to 
snail  changes  in  the  vehicle  attitude  modifying  the  drag. 


Figures  4  and  6  show  data  from  the  STS-2  and  STS- 5  flights.  These  flights 
were  both  in  mid-November,  but  one  year  apart.  The  meteorological  profiles  for  the  two 
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comment  will  constitute  a  small  part  of  the  observed  dference  Whether  the 
differences  above  70  km  are  due  to  atmospheric  variability  is  discussed  in 
section. 
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The  densities  plotted  in  Figures  3  to  6  from  Groves  65  models  are  the  zonal 
mean  values.  Thus  the  effects  of  correcting  for  the  longitudes  corresponding  to  the 
Shuttle  measurements  were  investigated.  These  corrections  in  Figures  4  and  6  (November 
flights)  result  in  reducing  the  plotted  Groves  85  model  values  by  2%  up  to  an  altitude  of 
60  km,  1.5%  at  65  km,  1%  at  70  km  and  0.5%  at  75  km.  These  corrections  result  in  small 
improvements  in  the  agreement  between  the  model  values  and  the  data.  The  corresponding 
corrections  for  the  STS-1  April  flight  (Figure  3)  are  an  increase  of  1%  at  all  altitudes 
up  to  75  km  and  0.5%  at  80  km.  The  effect  of  these  corrections  is  negligible. 

Figure  5  contains  data  from  the  STS-4  flight.  The  reentry  took  place  in  July 
and  the  appropriate  models  are  plotted  for  comparison.  The  models  agree  well  with  the 
meteorological  profile,  with  the  Groves  85  model  being  the  closest.  The  Shuttle  data  also 
agree  well  up  to  an  altitude  of  nearly  70  km,  but  again  above  that  altitude  there  are 
large  excursions  of  the  drag.  The  corrections  to  the  Groves  85  model  values  for  varia¬ 
tions  due  to  longitude  amount  only  to  an  increase  of  1%  at  all  altitudes. 

Although  changes  in  density  with  longitude  are  small  for  the  four  flights 
considered  in  this  paper,  this  is  not  the  case  for  all  sets  of  conditions.  The  changes 
with  longitude  are  smallest  at  low  latitudes  and  increase  markedly  with  increasing  lat¬ 
itude  up  to  high  latitudes.  In  addition,  the  changes  are  small  in  the  summer  and  become 
larger  in  the  winter.  The  maximum  climatological  variations  are  ±15%  at  50  km  and  +8%  at 


60  km  at  high  northern  latitudes  in  winter. 
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Fig.  3.  The  ratio  to  the  U.  S.  Stan¬ 
dard  76  of  density  from  drag  on  STS-1 
during  reentry,  the  meteorological  pro¬ 
file  and  the  CIRA  72,  AF  Reference 
Atmospheres  (AFRA)  78  and  Groves  85 
model  values. 
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Fig.  5.  The  ratios  of  density  for  the 
reentry  of  STS-4. 
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Fig.  4.  The  ratios  of  density  for  the 
reentry  of  STS-2. 
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Fig.  6.  The  ratios  of  density  for  the 
reentry  of  STS-5. 


SHUTTLE  DATA  AND  ATMOSPHERIC  VARIABILITY 

In  this  section  the  same  data  from  the  reentry  of  STS-1,  -2,  -4  and  -5  are 
compared  with  models  which  present  known  atmospheric  variability  based  on  climatological 
models .  The  AF  Reference  Atmospheres  1978  were  chosen  for  this  comparison  because  they 
include  mean  values,  already  used  in  Figures  3  to  6,  median  values  and  low  and  high  values 
expected  10%  aixl  1%  of  the  time. 


Middle  Atmosphere  Models 
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Figure  7  includes  the  STS-1  data  and  the  meteorologial  profile,  the  April  mean 
model  and  the  January  median  and  104  low  models.  Note  that  the  AF  Reference  Atmospheres 
only  contain  the  extreme  percentiles  for  January  and  July.  the  January  median  model  fits 
the  Shuttle  data  better  than  the  April  mean  model,  suggesting  that  winter  conditions 
existed  at  the  time  of  reentry.  The  meteorological  profile,  on  the  other  hand,  lies 
between  these  two  models. 

Figures  8  and  10  show  data  from  the  STS-2  and  STS-5  flights.  They  also 
contain  the  November  mean  model  and  the  January  median,  104  and  11  low  and  10 4  high 
(Figure  10)  models.  The  STS-5  data  are  close  to  the  meteorological  profile,  but  the  STS-2 
data  deviate  sharply  above  68  km.  The  latter  suggests  unusual  atmospheric  conditions  at 
ttie  location  of  STS-2  reentry,  it  should  be  noted,  however,  that  most  of  these  data  lie 
near  the  104  low  curve  and  only  one  point  touches  the  1%  low  curve.  Thus  the  occurrence 
of  these  results  is  not  statistically  significant.  The  same  conclusion  applies  to  the 
data  from  STS-5. 

Data  from  STS-4  are  given  in  Figure  9.  The  data  are  close  to  the 
meteorological  profile  and  models  up  to  about  70  km.  Above  that  altitude  there  are  rapid 
fluctuations  of  up  to  +204  in  magnitude.  Some  of  the  peaks  pass  below  the  14  low  values. 
At  that  time  the  Shuttle  was  located  near  25°  N,  170“  W  at  approximately  1200  hours  local 
time.  This  means  that  it  was  very  close  to  the  sunnier  sub-solar  point.  It  is  interesting 
to  speculate  that  the  fluctuations  may  be  the  result  of  convective  atmospheric  activity. 
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Fig.  7.  Density  ratios  for  STS-1,  the 
meteorological  profile  and  models  spe¬ 
cifying  atmospheric  variability. 
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Fig.  8.  Density  ratios  for  STS-2  and 
models  of  atmospheric  variability. 
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Fig .  9.  Density  ratios  for  STS-4  and  Fig.  10.  Density  ratios  for  STS-5  and 

models  of  atmospheric  variability.  models  of  atmospheric  variability. 


CONCLUSIONS 

The  available  reference  atmospheres  and  climatological ly  specified  atmospheric 
variability  up  to  80  km  at  low  and  middle  latitudes  ate  reasonably  accurate.  At  high 
latitudes,  particularly  in  the  winter,  there  are  large  systematic  variations  and  large 
variability,  such  as  result  from  sudden  stratospheric  warmings.  Improved  models  are 
required  for  these  conditions.  This  is  jiart  of  the  more  general  problem  of  unpredictable 
variations.  These  include  turbulence,  detailed  storm  effects  in  real  time,  and  the 
location,  amplitude,  phase  and  velocity  of  gravity  waves. 
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ABSTRACT 

The  wind  part  of  the  rocket-baeed  empirical  model  of  the  middle  atmosphere 
of  the  Southern  Hemisphere  is  revised  on  the  basi3  of  new  rochet  and  mdar 
data.  Wind  and  temperature  values  from  this  empirical  model  are  compared 
with  corresponding  values  from  the  sutellite-based  reference  atmosphere 
compiled  by  Barnett  and  Corney.  General  similarity  of  the  two  models  i3 
confirmed,  though  marked  discrepancies  are  soinetimoc  revealed. 


An  empirical  model  for  the  Southern  Hemisphere  middle  atmosphere  based  on 
rockotaonde  information  was  published  earlier  /1,2/.  The  wind  part  of  the 
model  is  now  revised  using  greater  amount  of  rocketsonde  data  (table  1), 
ra.vin  roaults  at  the  20  km  level  /3/  and  ItP  radar  winds  in  the  mesoephero 
at  Adelaide .Townsville ,  Chrictchuch  and  in  the  Antarctic  /4— 6/.  Aa  a  result, 
rather  significant  changes  are  obtained  in  the  wind  model  values  above 
60  km  and  only  minor  alterations  bolow.  The  revised  reference  wind  values 
ore  presented  in  the  Appendix  and  fig.l. 

TABLIii  1  The  Humber  of  Wind  lieasurement3  for  Main  Rocketsonle 
Sites  in  the  Southern  Hemisphere  up  to  September  1985  Used 
for  Compiling  the  Reference  Atmosphere 
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Fig.l.  Cross  sections 
of  mean  zonal  wind  (m/s) 
according  to  the  S.H. 
reference  model  (based 
mainly  on  rockets  and 
allowing  for  the  UF  ra¬ 
dar  data) |  upper  paxt- 
January  ; lower  part  - 
June. 


Tables  2-4  give  results  of  the  comparison  made  for  the  Southern  Hemisphere 
region  between  existing  reference  models—  the  one  based  mainly  on  rocket- 
sojides  (presented  above,  also  in  /1,2/)  and  that  based  on  satellites  /9/. 

Significant  systematic  discrepancies  in  temperature  (table  2,  f ig. 2)betwoen 
the  two  reference  models  at  all  latitudes  of  tho  Southern  Hemisphere  are 
only  observed  at  altitudes  75  and  80  km  (the  rocketsonde  are  about  10°C 
colder  than  the  satellites).  For  other  altitudes,  mean  annual  discrepancies 
exceeding  5°C  are  found  at  55-40  km  over  the  Antarctic. 

The  uituro  of  the  discrepancy  encounteredin  summer  is  not  clear  while  in  the 
winter  stratosphere  it  may  bo  a  result  of  different  duration  of  the  obser¬ 
vational  period  for  rocket  sounding  and  satellites.  Temperatures  from  an 
analytical  presentation  of  the  climatic  distribution  /10/  in  which  the  HuR 
data  have  been  correlated  with  atmospheric  temperatures  recorded  by  means 
of  soviet  rockotsonde3  are  also  shown  and  reveal  lowest  temperatures. 

Annual  density  differences  between  the  models  (table  5)  are  small.lt  is 
only  in  the  upper  mesosphere  of  low  and  middle  latitudes  that  the  dunsity 
values  from  the  rocket-based  model  are  consistently  higher  than  the  satolli- 
te-baSed  values  (the  reverse  is  true  for  the  Antarctic  mesosphere).  As  for 
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TABLE  2  Differences  in  Temperature  C°C)  between  the  Hu- 
cket-bo.sed  and  Satellite-baaed  Reference  Atno3pheres 
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'i'AbLd  4  Differences  in  Zonal  Wind  Values  (m/s)  between 
tUe  icociet-based  and  Satellite-based  hefereaoe  Atmosj.beres 
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Fig.  3.  Seasonal  density  variations  at  latitudes  10  0,  ;eC  J  ml 
70^. (for  legend  3oe  fig. 2). 

easonal  variations  of  temperature  or  density  revealed  by  the  rorkot-b.isod 
r.i  Satellite-based  models  are  similar  but  sometimes  are  smooth'-!-  in  the 
Li-aer  case  than  in  the  latter  (e. 3.  .temperature  cuives  at  dO  .,.0  00  bn  ft 
"JC,  density  variation  at  20  tua  for  ?0C3)  .J'air.  di  sere]  a.-icies  in  the  ;  sa¬ 
cral  vai'iations  between  the  two  ntdel3  are  encountered  in  the  uj  j  or  e^un- 
orial  mere  spher  e. 
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Latitudinal  temperature  variations  (fig. 4)  in  the  Couthero  Hemisphere  re¬ 
vealed  by  the  reference  models  have  much  in  common. However,  at  the  heights 
e?  -rO  kn  and  60  km  the  magnitude  of  the  gradients  in  sun— or  iu  greater  in 
the  cane  of  satellite  data  than  in  the  case  of  rocketsonde  data. The  mini¬ 
mum  in  winter  is  located  5  to  10°  latitude  further  south  when  depicted  by 
the  rocket  data}  the  minimum  is  built  up  above  the  19-km  level  utilising 
tie  rocket  information  and  above  j>0  km  in  case  of  the  BCR/TtlR  analysis.  (In 
t; e  northern  Hemisphere .discrepancies  between  the  existing  models  are  great 
In  winter) . Density  gradients  (fig. 5)  in  the  Southern  Hemisphere  in  summer 
-re  somewhat  greater  when  based  cn  the  rocketsondu  data;  the  reverse  is 
truu  fur  the  winter  period. 
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rig. 4.  tkieridional  temperature  variations  in  January  and  July.  1-S.H. 
reference  middle  atmosphere  (bused  on  rocket  data)}  2-  middle  atmosphere 
reference  model  derlvod  from  satellite  data  (Barnett  and  Ccrney , 1969) | 
i-  CIRa  1972}  4— Air  Force  Reference  Atmospheres  (Cole  and  Kantor, 19?b) . 

I'u_;  orature  differences  between  the  hemispheres  determined  by  the  satellites 
(fig.o)  indicate  higher  temperatures  occurring  in  the  summer  stratosphere 
in  the  Southern  Hemisphere.  A  similar  result  could  be  seen  from  the  compari¬ 
son  of  rocket-based  models  and  an  exception  in  the  km  luyer  may  result 

ftom  deficiencies  of  the  compilation  techniques,  e.g. ,  overestimation  of 
te—perature  by  CIRA  1972  in  this  layer.  Both  rocket  und  satellite  data  con¬ 
firm  relatively  high  temperature  background  formed  in  the  Antarctic  stra¬ 
tosphere  and  mesosphere  in  mid-winter  above  $Q-j>5  km.  kid-latitudes  are 
colder  m  the  ioutuern  than  in  the  Northern  Hemisphere,  and  this  effect  1b 
more  readily  seen  from  rocketsondes  than  from  SCR/H£R  satell ltos. Density 
gradients  in  the  Southern  Hemisphere  from  the  rocket  data  in  summer  are  ge¬ 
nerally  smaller  and  in  winter  greater  than  those  given  by  the  satellite  da¬ 
ta. 

Hemispheric  asymmetries  in  density  values  (fig. 7)  are  similar  when  deduced 
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>3  the  r^-cict  and  satellite-bused  reference  atmospheres.  negative  values 
i.e—iSj '-T* c  differences  (S.li.  lower  than  Hail.)  in  winter  are  greater 
ia  - '-nd  tu  the  spring  period)  when  estimated  from  the  rocket  data  than 
~n  t*.e  satellites.  In  sutner  the  density  values  ai'e  a  little  greater  in 
;  jujiucra  than  in  the  Northern  Hemisphere,  according  to  both  models 
injured. 


Kir. 5.  Meridional  density  variations  in  January  and  July  (for 
legend  see  fig. a). 
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ig.r.  Temperature  differences  (°C)  botwocn  the  Southern  and  Northern 
iesisj acres , at  40°lat.  and  at  70°lat.  a) ,b)-S.Il. ref erence  middle  atmos- 
here  (baaed  on  rocket  data)  and  CIkA-?2(N.H. ) .  c)  ,d)-!iiiddlc  atmosphere 
cferenc--  model  derived  from  satellite  data  (Barnett  and  Corney  ,1965) . 


Pig.S.  Seasonal  variations  o f  zonal  wind  (m/ s)  at  20°S,  hO°S, 
and  ?0°S  (for  legend  see  fig, 2), 


However,  the  westerly  flow  in  winter  estimated  fron  the  rockets  is  5  to 
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15  m/.e  weaker  than  that  from  the  satellites j  In  high  latitudes,  this  is 
valid  during  the  whole  winter;  in  low  latitudes  -  only  in  early  winter 
and  not  at  all  altitudes.  It  cannot  bo  ruled  out  that  a  rapid  attenuation 
cf  the  westerly  gecstrophic  wind  over  the  Antarctic  in  Septembei'-Qctober 
s°cn  iron  the  satellite  data  (fig. 8)  in  a  specific  feuturc  of  the  years 
considered.  A  small  but  systematic  discrepancy  could  also  bo  traced  in 
■.•.inter  between  the  radiosonde-based  winds  of  the  two  models  at  the  20-inn 
level.  Greatest  discrepancies  between  the  models  are  found  in  the  upper 
mesosphere. 

Summer  easterlies  in  the  two  models  are  of  nearly  equal  intensity  in  middle 
latitudes,  while  the  rocket  winds  over  the  Antarctic  are  greater  (by  5  to 
12  m/s)  than  the  satellite  winds;  in  the  latter,  puzzling  is  the  appearance 
of  zero  wind  values  at  30-40  km  at  70cs  distorting  latitudinal  wind  sec¬ 
tions  /9/  in  December  and  January,  The  satellite-based  sectior.3  also  re¬ 
veal  development  of  two  separate  cores  in  the  westerlies  (near  60-7C°S  and 
30  5)  in  the  period  from  August  to  October  and  two  cores  in  the  easterlies 
(at  aO-4-50S  and  15°S)  from  December  to  February  which  are  not  readily 
seen  in  the  rocket-based  winds.  At  specified  altitude  levels,  the  meridio¬ 
nal  distribution  of  zcnal  wind  (fig. 9)  is  rather  smooth  and  reveals  gene¬ 
ral  similarity  between  the  satellite  and  rocket  analyses (particularly  in 
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Fig. 9*  Meridional  vari¬ 
ations  of  zonal  wind 
speed  (m/s), in  January 
and  July  (for  legend 
see  fig. 4). 


The  main  maximum  of  westerly  speeds  in  winter  reaches  its  northern-most  j 
position  (~40° S)  in  May  (rocket  data)  or  June  (satellite  data).  Its  height,* 
as  the  two  models  ajree,  should  be  about  5 5  mm  from  April  to  June,  50  mm 
in  July  and  decreases  with  time  afterwards-  more  rapidly  according  to  the 
satellite  data.  The  satellite-based  model  confirms  the  fact  noted  earlier 
/12/  that  tne  altitude  position  of  the  wustex-ly  maximum  is  by  several  kilo¬ 
meters  lower  in  the  Southern  than  in  the  Northern  Hemisphere. 

Hemispheric  asymmetry  in  zonal  wind  spueds  (table  5)  analysed  separately 
from  rocKet  and  satellite  data,  proves  to  be  of  the  same  nature:  both  caster-! 
ly  flow  in  summer  (with  the  exception  of  the  polar  region)  and  westerly 
flow  in  winter  are  more  intensive  in  the  Southern  than  in  the  Northern  He-  < 
misphere.  The  muLxnitude  of  the  hemispheric  differences , however ,  in  winter 
is  tiro at or  for  the  satellite  than  for  the  rocket  data.  In  summer, satellite-  j 

bused  differences  at  70°lat.  also  soem  to  be  exuberated.  ! 

I 

TABIS  5  Differences  in  Zonal  Wind  Speed  (m/s)  between  j 

the  Southern  and  Northern  Hemispheres.  Top  -  comparison 
of  racket-based  models  (the  present  model,  S.H. ,  and  ' 

CIHA-1-J72,  i'.IL);  bottom  -  the  satellite-based  model  /9/.  i 


Heignt 

(iau) 

Latitude 

i 

1 

20  40 

70 

20 

AO 

70  1 

Summer 
(Jan.  S.H.- 

July  H.H.) 

Winter 

(July  S.H. -Jan. 

H.H.)  ! 

80 

-  /9  -22/-12 

-31/18 

-  /- 2 

-3S/-6 

0  /20  ! 

60 

-26/-14  -3/-9 

3/16 

12/9 

6/29 

30/27 

40 

-14/-15  -10/-6 

1/14 

11/16 

9/56 

16/23 

25 

5/0  0/2 

2/A 

0/0 

13/18 

40/17 

In  general,  the  rocket-based  end  the  satellite-based  reference  atmospheres 
in  a  similar  manner  reflect  main  features  of  the  s tincture  and  circulation 
in  the  stratosphere  and  mesosphere  of  the  Southern  Hemisphere.  There  are, 
however,  some  discrepancies  between  the  results  of  the  two  models  the  ori¬ 
gin  of  which  should  be  resolved. 
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Pliwi n  Department,  University  oj  Wuppertal,  5600  Wuppertal  I.  F.R.G. 


ABSTRACT 

TVr>  la no  sots  of  temperature  data  measured  in  Europe  are  ccrpared  to  atmospheric  redds 
ifwt  were  pro|iarud  for  the  NEW  CIRA.  The  data  were  taken  by  rocket  flights  during  tin-  l  nomy 
ivi3»?et  aid  MAH/Wine  Carquigns,  and  during  several  years  of  operation  of  around  (vised  CM* 
ftoctrcneters.  Monthly  neon  tiTapirature  profiles  from  20  -  85  km  are  available  for  November, 
reorrin’r,  and  January.  They  arc  in  very  good  agreement  with  the  new  models.  Seasonal  and  la¬ 
titudinal  variations  of  ufjjier  mesosphere  temperatures  are  obtained  fran  Uie  Oli*  data.  They 
are  also  in  fair  agreement  witti  tlx?  new  models.  These  ore  therefore  found  a  definite  im¬ 
provement  as  ccrijiared  to  tlie  older  ones.  On  tin*  basis  of  tills  general  agreement.  it  is  oon- 
cla'.'d  that  finer  details  as  variations  with  solar  cycle,  maejnetic  activity,  etc.  could  come 
Into  reach  of  future  models. 

INTRODUCTION 

Current  reference  atmospheres  like  CIRA  1972  /I/  or  the  Air  Force  Reference  Atmospheres  111 
contain  nuddle  atmosphere  temperature  models  tiiat  arc  mostly  based  on  rocket  measurements . 

It  is  well  known  tfiat  tlicse  ore  biased  towards  tlie  American  continent.  Recently  Domett  and 
Comty  / J/  proposed  a  temperature  model  derived  from  several  years  of  satellite  infrared 
rvasurimients,  that  is  more  global  In  nature.  Groves  combined  previous  rocket  data  and  this 
r-eort  satellite  model  /4/ .  As  it  is  planned  to  replace  CIRA  1972  by  a  new  version  (1906) 
Including  more  recent  msasurements,  it  Is  interesting  to  compare  the  various  models  to  inde¬ 
pendent  data,  that  have  not  been  used  in  any  of  the  temperature  models,  and  that  'were  not 
taken  in  America. 

There  .are  two  respective  sets  of  data  that  were  measured  by  different  techniques  in  Europe 
since  1900.  Tlie  first  set  was  obtained  by  21  meteorological  rockets  launched  frem  ESRANGE 
(6b°  N,  21°  t.)  in  Novemler  1980  during  tlie  Engrqy  Budget  Campaign  /5 /,  and  by  64  meteorolo¬ 
gical  rockets  launched  fran  Andoya  (69°  N,  16°  E)  in  December  1983  and  January /February  1984 
as  part  of  the  MAP/Wino  Campaign  /6/.  It  covers  the  altitude  rcqime  20  -  85  km,  and  repre¬ 
sents  a  very  substantial  fraction  of  all  rocket  temperature  measurements  taken  in  northern 
Scandinavia.  The  second  set  was  derived  from  several  years  of  ground  based  measurements  of 
near  infrared  emissions  of  tlie  Oh* layer  near  the  menopause.  Tpese  wege  mostly  performed  by 
spectrometers  located  at  Wuppertal  (51  N,  7°  E)  and  Oslo  (60  J  11  E^,  and  to  a  lesser 

degree  by  spectrometers  at  Andoya,  ESRANCD,  and  Lomiyearbyen  (78  N,  15  E)  .  Hence  all  of 
those  data  stem  from  a  narrcM  sector  in  geograjihic  longitude  while  covering  quite  a  range  of 
latitudes  and  an  extended  time  jjeriod. 

The  reteorological  rockets  employed  D<atasondes  or  passive  falling  spheres.  Those  techniipies , 
their  accuracy  and  the  data  obtained  during  tlie  two  canpaigns  were  described  in  detail  in 
various  pip:rs  /7  -  10/.  Tlie  OH  emlsssions  originate  from  a  layer  center'd  at  about.  HA  km 
and  8  km  thick  /II/.  Temperatures  derived  thus  represent  weighted  means  over  the  mission 
layer.  They  are  nevertheless  useful  data  because  the  temperature  gradient  at  this  altitude 
is  generally  fmall.  Cong var  ison  of  OH*  tciqieratitres  with  simultaneous  rocket  or  lid.ir  mea¬ 
surements  have  been  made  as  much  as  possible  /1 3,  17/.  In  ten  cases  analysed  no  systemitic 
differences  were  found.  It  is  Uierefore  believed  that  011*  temp 'ruturos  are  reliable  at  the 
level  of  4  -  5  K  at  least.  As  a  consequence  the  temperatures  gained  by  rocket  mej;;ur<-mcnts 
during  the  MAP/Wlne  Campaign  have  tieen  normalized  to  the  OH*  temparacures  /10 /.  As  these 
brger.ature  profiler,  are  obtained  by  downward  integration  of  tlie  measured  atmus|<henc  densi¬ 
ties,  the  normalization  affects  the  tiiqeru tores  to  about  one  scale  height  lelcw  the  norma¬ 
lization  level.  During  the  discussion  of  rocket  data  given  below,  it  must  therefore  lie  kept 
in  rund  that  tlie  MAPAHno  tmqxTdtures  .ibove  80  km  cannot  be  consider'd  independent  data. 

OH*  data  obtained  and  their  analysis  for  the  time  period  of  the  two  campaigns 
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ire  described  in  detail  elsewhere  /1 2  -  14/.  There  are  many  additional  data  taken  at  other 
tires  /1 3,  15,  16/  that  will  be  discussed  together  with  the  campaign  data  below. 

MONTHLY  TtWrERATURE  PROFILES 

Pocket  terperatures  measured  during  the  Energy  Budget  Campaign  (November  and  1st  December 
ipSC)  wire  averaged  at  altitude  stops  of  1  km,  and  are  shown  in  Fig.  la.  The  resulting  alti- 
iiile  profile  is  taken  as  a  mean  November  profile,  though  one  must  bear  in  mind  the  possi¬ 
bility  of  individual  differences  from  one  winter  to  another.  The  mean  profile  is  not  smooth, 
bit  shows  some  srrull  scale  structure  including  a  nunber  of  kinks.  Tliis  is  mostly  attributed 
tr  short  period  waves  (gravity  waves  etc.)  that  were  present.  The  kinks  are  due  to  the  fact 
fat  the  various  rockets  oovered  different  altitude  ranges.  Hence  it  occurs  that  mean  Umpe- 
n lures  at  two  adpacent  altitude  levels  are  calculated  from  different  numbers  of  measure- 
-erts  and  that  a  kink  may  arise.  The  nunber  of  data  points  (rockets)  available  for  averaging 
u  largest  in  the  ruddle  of  the  altitude  regime  covered  (for  instance  23  at  50  km)  .  It  de¬ 
feases  at  the  highest  ant)  lowest  levels  and  is  about  7  at  80  -  85  km  and  7  at  20  -  25  km. 

The  mean  temperature  values  are  therefore  less  significant  here.  As  the  small  scale  struc¬ 
tures  would  disappear  if  the  nunber  of  rocket  flights  available  for  the  mean  would  go  to¬ 
wards  infinity,  these  structures  in  Fig.  la  give  an  indication  of  the  quality  of  the  mea¬ 
sured  monthly  mean  profile. 

Frtm  the  rocket  data  measured  during  the  MAP /Wine  Canpaign  respective  itean  profiles  are  ob- 
•nned  for  the  months  of  December,  January,  and  February  (at  altitude  steps  of  0.2  km)  .  They 
are  shown  in  Fig.  1b,  c,  d.  The  following  numbers  of  rocket  flights  wore  available  in  the 
regimes  of  the  uppermost  five  kilcmeters,  the  stratopause,  and  the  lowest  five  kilometers: 

4,  10,  3  in  December  1983;  19,  10,  5  in  January  1984;  and  17,  26,  5  in  February  1984.  It 
should  be  noted  that  several  minor  stratospheric  warnings  (and  respective  mesospheric 
coolings)  were  present  during  the  MAP/Wine  and  Energy  Budget  campaigns  /1 4/.  These  miy  have 
contributed  to  the  residual  wavy  structures  in  the  monthly  mean  profiles.  By  end  of  February 
1984  a  major  (final)  warming  occurred  /1 8/ .  This  is  easily  seen  in  the  hiyh  stratopviuse  tem¬ 
peratures  of  Fig.  Id,  though  the  rocket  flights  covered  only  the  build-up  phase,  and  not  the 
decay  phase  of  the  major  warming.  The  profile  given  in  Fig.  Id  therefore  cannot  be  consi¬ 
dered  a  reliable  mean  representative  for  the  month  of  February. 

Tti  ccrpvire  the  measured  data  with  reference  atmospheres,  respective  profiles  were  taken  from 
CIPA  1972  (Part  2)  and  from  the  model  of  Cole  and  Kantor  / 2/  for  the  latitude  in  question, 
ant)  are  shown  m  Fig.  1.  The  data  presented  are  seen  to  bo  consistently  higher  than  CIRA 
1972  in  the  mesosphere  in  all  four  months.  In  the  upper  part  of  the  stratosphere  they  are 
scrrvtiat  lower  than  CIRA  1972  in  November,  turning  to  be  higher  (with  increasing  tendency) 
in  December,  January,  and  February.  In  the  lower  stratosphere  they  are  considerably  lower 
thin  CIRA  1972  in  all  four  months.  The  differences  between  the  present  data  and  the  Cole  and 
Kantor  model  are  less  pronounced.  They  are,  however,  clearly  visible  and  follow  a  systimatic 
[uttern  at  least  in  the  stratosphere,  too.  As  these  deviations  are  so  systematic,  it  is  con¬ 
cluded  that  individual  features  of  the  winters  in  question  were  relatively  small  ccrgiorod  to 
the  deviations  discussed. 

Also  included  in  Fig.  1  are  profiles  of  Barnett  and  Comey  /3/.  They  shew  a  very  encouraging 
a  iritment  with  the  rocket  data  at  all  altitudes  and  months  with  the  exception  of  February 
1984.  (Tins  month  quite  obviously  is  too  strongly  biased  by  the  major  stratesp  hone  warming)  . 
The  deviations  of  the  present  data  from  this  new  model  ore  -  on  the  mean  -  much  snu ller  than 
fieri  any  of  the  two  other  models  discussed.  Thus  on  the  basis  of  our  data  the  mile!  of 
I'amett  and  Comey  must  be  considered  a  real  Improvenrait  in  tlie  middle  atmnsp here  for  high 
latitude  winter. 

In  Fig.  2a,  b  the  monthly  means  of  December  1983  and  January  1984  are  given  again.  In  this 
case  the  model  profiles  of  Barnett  and  Corney  and  of  Graves  /4/  are  includ'd  for  rcmparimin. 
It  is  seen  tliat  the  Groves  curves  are  somewhat  below  the  Harnett  and  Comey  profiles  in  the 
•  liter  mesosphere,  whereas  they  tend  to  bo  above  them  in  the  lrwer  mesosphere.  Hie  name  is 
found  for  the  Novtrber  and  February  profiles  rot  shown  here.  Cutpunson  to  the  measured  pro¬ 
file*'.  presented  here  shews  that  Uiere  Is  a  systematic  difference,  the  measured  data  Icing 
low.-r  than  the  models  in  the  upipier  mesosphere,  and  higher  In  the  lower  m-snspher**.  It  thus 
appears  that  the  Groves  profiles  are  even  somewhat  better  a  fit  to  the  data  than  the  I'amett 
is, I  Corney  fireflies.  This  conclusion  is,  however,  not  really  safe  U.-eause  the  systumtic  de¬ 
viations  could  in;  precursors  of  the  major  warming  in  February  1984.  Tills  event  is  namdy 
characterized  by  tiie  same  type  of  deviations  from  the  mdcl  profiles,  wiiicli  are,  however, 
rer.h  Larger  (see  Fig.  Id).  Such  deviations  are  typical  for  stratospheric  warmings  /2/.  Hie 
argument.  is  niipiorti-d  by  tiie  November  1980  data  where  the  Groves  model  is  not  a  letter  fit 
to  the  data  than  the  Barnett  and  Comey  model. 

As  the  difference  between  the  two  models  (shadid  area  In  Fig.  2)  Is  mall  for  the  conditions 
discussed  one  may  take  them  together  as  "undisturbed"  mean  prof  i  ler.  of  the  mesosphere.  The 
d»*viation  of  the  measured  profiles  from  them  Is  considerable  and  systematic,  as  said  aWjve. 
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Fig.  2.  Can  orison  of  rocket  tanperatures  to  the  models  of  Harnett  and  Comey  /3/  and 
droves  /4/.  a)  Eocember  1903;  b)  January’  1984 


If  it  is  justified  to  adopt  these  profiles  as  being  undisturbed,  one  is  faced  with  the  pecu¬ 
liar  teature  of  a  build-up  phase  of  the  major  (final)  warming  which  starts  more  than  two 
nuntlis  be  I  ore  the  peak  of  Uie  worming  occurs!  This  "precursor  structure"  is  less  pronounced 
if  the  Groves  profiles  are  adopted  as  references.  Oi«j  might  thereby  be  led  to  prefer  Uus 
Iiudel. 
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Taj  near  infrared  sioctraeters  of  the  University  of  Wuppertal  for  determination  of  Off*  ton- 
peratures  were  oierutud  since  !9tfO  at  Wuppertal  and  since  1982  at  Oslo,  respectively.  During 
the  eajrjaigns  described  one  of  Die  instruments  was  taken  to  tie  rocket  ranges  (HSHANCE  or 
Aidoyu)  .  The  spectrometers  ncisured  continuously  every  night  as  much  as  WeaL)>ei'  and  instru¬ 
mentation  allcwid.  One  tui(jerature  value  was  taken  every  two  to  five  minutes.  Fran  tiiese  da¬ 
ta  nightly  neun  values  were  calculated.  Typically  15  good  nights  were  available  each  nunUi. 
legally  (leans  wire  averaged  and  yielded  the  monthly  (leans  used  in  Uus  analysis.  Hence  a 
very  Large  number  of  temjeruture  tie  terminations  enters  a  monthly  mean,  Uie  statistical  error 
of  which  is  Urerefore  rather  small  (<1  K)  .  The  total  error  of  the  nean  values  is  i  2.5  K 
/ 1 3/ .  Ttie  moiitfily  neans  obtained  at  Wuppertal  and  Oslo  since  1980  are  given  in  Fig.  3.  (If 
less  tian  five  daily  mean  values  were  available  for  a  monUily  iteon,  it  is  labelled  by  "1".) 
Ter j-eratures  could  not  be  neasured  at  Oslo  around  suiner  solstice,  as  solar  elevation  re¬ 
mains  too  fugfi  during  night. 


Seasonal  variation  as  neasured  above  Wuppertal  (51  N)  is  sham  in  Fig.  4.  Several  years  of 
data  were  averaged  to  obtain  the  curve.  It  is  aonarud  to  three  atmospheric  models.  Ttuore 
are  large  differences  with  respect  to  the  Cole  and  Kantor  (model  /2/.  Agreement  wrth  Uie 
droves  model  /4/  is  much  better.  Best  agreeront  is  obtained  with  Harriett  and  Comey  /3/,  if 
Uds  model  curve  is  slightly  shifted  in  time  (by  9  days  to  earlier  times).  The  agreement  is 
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Fig.  3.  ftonthly  mean  OH*  temperatures  (86  to")  rcasurod  at  l.'unx-rtal  (31°  N) 
and  Oslo  (6C°  H) .  Measurements  during  rocket  carpaigns  at  ESHAhGE  or  Arxloya 
are  indicated  by  E  and  A,  respectively.  Dashed  line  connecting  the  sunner 
mining  has  a  gradient  of  3  K/year. 

very  good  in  winter.  In  simmer  there  appears  to  be  a  slight  discrepancy.  It  should  be  noted 
here,  that  the  Barnett  and  Comey  model  does  not  extend  to  86  km.  Its  uppermost  level  (at 
81.7  tan)  was  used  tn  Fiq.  4  instead.  (The  same  applies  to  the  Groves  model.)  Hence  if  there 
is  a  temperature  gradient  in  this  altitude  regime,  it  will  affect  the  agreement.  Tic  data 
shewn  in  Fig.  3  a  [gear  to  indicate  a  longterm  trend  especially  of  the  sirmer  temperatures, 
as  will  be  discussed  belcw.  The  range  of  change  of  simmer  minimus  temperatures  is  given  in 
Fiq.  4  as  a  bar  together  with  the  June  temperature  value.  If  one  goes  into  these  finer  de¬ 
tails  one  should  note  that  the  Barnett  and  Comey  model  is  based  on  data  taken  frctn  1973  - 
1978  (ascending  fart  of  the  solar  cycle) ,  whereas  the  OH*  temperatures  were  measured  frus 
1980  -  1984  (descending  part  of  solar  cycle) . 

The  seasonal  variation  measured  at  Oslo  (60°  N)  is  shown  in  Fig.  5.  The  Barnett  and  Comey 
model  is  shifted  by  3  days  (to  earlier  times)  in  this  picture.  Agreement  of  this  rrudcl  with 
data  is  again  good,  although  the  simmer  differences  are  semewhat  larger.  In  winter  the  model 
appears  to  be  slightly  too  high.  A  similar  result  was  indicated  by  the  rocket  data  taken  at 
even  higher  latitudes,  as  discussed  above.  However,  the  difference  in  altitude  of  measured 
and  model  curves  has  to  be  taken  Into  account,  before  conclusions  can  be  drawn. 

latitudinal  Variations 

Fiq.  3  shews  that  two  OH*  spectrometers  of  the  University  of  Wuppertal  wre  operated  simul¬ 
taneously  at  Wuppertal  and  Oslo  for  a  time  period  of  about  two  years.  Also  one  of  the  tvo 
instruments  was  operated  once  in  a  while  at  even  higher  latitudes  (68  -  69°  f.')  .  These  two 

Instruments  wore  carefully  calibrated  by  a  standard  procedure  to  make  the  measured  data  com¬ 
parable.  They  were  also  operated  at  the  same  place  (Oslo)  for  a  while,  and  proved  to  yield 
the  same  temperatures  /1 3/.  Latitudinal  dependence  of  86  tan  temperatures  during  the  course 
of  the  year  can  therefore  be  derived  fran  these  data  / 1 3 /.  As  an  example  the  latitudinal 
differences  during  two  winter  and  two  simmer  months  are  shown  in  Fid.  6.  They  are  oonp*ir-.d 
to  respective  atmosiiieric  models.  Model  data  are  for  10u  E,  and  vary  by  less  than  0.2  K  when 
the  exact  longitudes  of  the  measurement  sites  are  used.  The  slight  differences  between  mea¬ 
surements  anti  models  as  discussed  above  (and  largest  in  simmer)  are  of  course  reproduced  in 
this  picture.  Hie  essential  result  obtained  from  Fig.  6  is,  however,  that  the  relative  la¬ 
titudinal  variation  of  temperature  Is  small  (especially  in  winter),  and  fairly  similar  in 
rrdelr,  and  measured  data.  Throe  additional  data  points  are  included  to  Fig.  6,  which  were 
neasured  by  two  other  lnstrunents .  The  data  points  at  78°  N  (Svalbard,  / 1 6/ )  are  about  in 
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Fig.  4.  Seasonal  variation  of  Ctf*  tanperature  (66  kn)  above  Wur-pertal. 
"Hie  figure  below  the  month  gives  the  number  of  yuirs  available  for  cal- 
calatiny  tie  mean.  Site  of  the  symbol  indicates  error  or  measured  data. 
I -tux lies  iru\  reference  atmosjberes  ore  given  for  cun-orison. 
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I  in.  6.  fa  Iig.  4,  but  above  Oslo. 

lire  witli  the  nodels,  taking  into  account  that  the  December  value  mgy  have  been  affected  by 
a  suratoai  1  ier ic  waming/rcsosiiieric  cooling.  ‘Ihe  August  value  at  66  N  was  taken  under  con- 
diticis  of  nocLilueunt  clouds  /IS/.  It  is  therefore  not  surprising  that  it  strongly  deviates 
iron  tlve  models. 

i.tiur  Variatiuns 

/a  nentianed  above  the  Qf*  temperatures  shown  in  Fig.  3  indicate  a  long  term  trend  of  sea¬ 
sonal  variations.  It  is  seen  that  winter  raxinun  values  are  relatively  constant,  wtiereus 
-.urm-T  runmun  values  apjea r  to  increase  from  1900  to  1904  by  roughly  3  K  per  year.  Hus  co¬ 
incides  with  the  beginning  descent  of  solar  cycle  21.  An  antioorrelation  oi  ti3n(eratures 
withi  solar  cycle  of  can-arable  magnitude  was  also  obtained  previously  Iran  6677  a  ataiac 
uxygen  green  line  a-\issinns  originating  about  10  km  higher  in  tlie  atjiosptiere  / 1 9/ . 

He  tuiperature  differences  rerwdnirxj  between  the  data  presented  in  this  paper  and  the  re¬ 
cent  auiosiieric  models  are  of  the  order  of  10  K,  and  fruiuently  nuch  smaller.  It  thus 
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!  Fig.  6.  Latitudinal  variations  of  Clf*  temperatures  in  winter  and  sourer 

*  as  compared  to  atmospheric  models.  Measured  data  points  connected  by 

.  straight  lines  are  from  instruments  of  University  of  Wuppertal.  Size  of 

symbols  indicates  error  of  these  data.  Figures  near  the  data  joints  give 
i  the  number  of  years  available  for  calculating  the  mean.  Barnett  and  Cor- 

>  1  ney  model  values  are  for  10°  E  longitude. 


appears  that  finer  details  of  upper  mesosphere  temperature  variations  as  with  solar  cycle, 
rvvmsctic  activity,  etc.  could  cone  into  reach  of  modeling  efforts  in  the  near  future. 
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ABSTRACT 

The  ozone  reference  model  which  is  to  be  Incorporated  In  the  COSPAR  International  Reference 
Atmosphere  (CIRA)  Is  described  and  compared  with  other  measurements  of  the  Earth’s  ozone 
distribution.  Ozone  vertical  structure  models  from  approximate ly  25  to  90  km  are  provided 
combining  data  from  five  recent  satellite  experiments  (Nimbus-7  LIMS,  Nimbus-7  SBUV,  AE-2 
SAuE,  Solar  Mesosphere  Explorer  (SHE)  UVS,  and  SHE  IR).  The  results  include  the  latest 
Improvements  in  the  SBUV  algorithms  using  the  most  recent  estimates  of  ozone  cross 
sections.  Also,  the  latest  refinements  in  SKE  algorithms  are  incorporated.  These  algorithm 
Improvements  have  improved  agreement  between  the  satellite  data  sets.  Standard  deviations 
are  provided  of  monthly  zonal  means,  and  an  estimate  of  the  interannual  variability  is 
given.  The  models  based  on  satellite  data  compare  well  with  the  Krueger  and  Mlnzner  mid- 
Utltude  model  Incorporated  Into  the  U.  S.  Standard  Atmosphere  which  is  based  on  rocket  and 
balloon  measurements.  Other  comparisons  are  shown  with  Umkehr  and  more  recent  balloon 
data.  Models  are  also  provided  of  total  columnar  ozone  reflecting  recent  improved  estimates 
cf  ozone  cross  section.  Information  Is  provided  on  semiannual  and  annual  variations.  Other 
systematic  variations  including  estimates  of  diurnal  variations  In  the  mesosphere  will  be 
Included  in  the  CIRA  document. 

INTRODUCTION 

Since  the  ozone  chapter  in  the  "Draft  Reference  Middle  Atmosphere"  was  published  in  MAP 
’Find'  .  ik  number  lb  in  1985  (Keating  and  Young,  /I /),  a  number  of  results  have  been  obtained 
concerning  orc.ie  in  the  middle  atmosphere.  The  Nimbus  7  SBUV  dsta  have  been  reprocessed  and 
archived  taking  into  account  improved  ozone  cross  sections  of  Paur  and  Bass  / 2/, 
climatological  variations  In  temperatures  which  affect  ozone  cross  sections,  and  other 
factors  / 3/ •  Rel  influents  have  also  been  made  on  the  Solar  Mesosphere  Explorer  (SME) 

1.27  .  m  and  UV  ozone  data.  The  refinements  from  the  SBUV  and  SME  data  have  been 
Incorporated  here  in  updated  ozone  reference  models.  We  have  chosen  to  use  the  same  six 
satellite  experiments  and  same  time  intervals  which  we  used  previously.  Therefore  the 
satellite  measurements  are  restricted  to  the  late  1970's  and  early  1980's  during  primarily  a 
period  of  relatively  high  solar  activity. 

We  have  also  incorporated  various  improvements  recommended  by  the  COSPAR  Task  Group  on 
Reference  Middle  Atmospheres,  by  the  Ad  Hoc  Group  on  Ozone  Reference  Models  for  CIRA,  and  by 
others.  Hot  ore  the  final  submission  of  the  manuscript  for  incorporation  in  the  new  CIRA,  It 
is  planned  that  members  of  these  groups  as  well  as  members  of  the  IAKAP  International  Ozone 
Commission  will  he  provided  the  revised  document  for  review  and  comment. 

*  v  e r  f  he  last  50  years,  a  number  of  measurements  of  ozone  in  the  middle  atmosphere  have  been 
-ihtilri.-i  from  the  ground  and  from  balloons,  rockets  and  satellites.  Numerous  models  have 
h’pn  developed  to  summarize  various  portions  of  these  measurements  since  detailed  knowledge 
nf  the  global  distribution  of  ozone  is  important  for  studies  of  atmospheric  circulation, 
c/naralc  processes,  and  the  radiation  balance  and  photochemistry  of  the  atmosphere.  Space 
•lies  not  allow  an  enumeration  of  these  models  here,  but  a  brief  description  of  many  of  these 
nod* Is  as  well  as  of  various  satellite  measurements  of  ozone  are  provided  by  Keating  and 
Young  / 1 , U /  . 

The  satellite  measurements  used  in  developing  these  models  are  enumerated  in  Table  1.  Also 
•.hr;wn  in  Table  1  Is  the  pressure  range  and  time  interval  incorporated  for  each  of  the  data 
A  description  of  these  measurements,  Including  an  assessment  of  the  accuracy  and 
precision  of  the  various  Instruments,  la  given  by  Keating  and  Young  / 1 / - 
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We  briefly  present  here  updated  figures  of  the  ozone  reference  models,  examples  uf  the 
annual  and  semiannual  components  of  these  models,  and  comparisons  of  the  updated  rvodels  with 
the  Krueger  and  Hmzner  model  /  b  /  as  well  as  with  long-term  balloon  and  Umkehr  mcu  >urementu . 

MODELS  OK  TOTAL  COLUMN  OZONE 

Monthly  latitudinal  models  of  total  column  ozone  are  based  on  the  archived  first  4  years  of 
data  from  the  Nimbus  7  TOMS  experiment*  The  total  column  ozone  values  given  in  figure  1  are 
5.5X  higher  than  the  TOMS  archived  data  (as  of  June  lltto)  (bhartia,  private  communication, 
lido)  to  be  in  fair  accord  with  the  improved  ozone  cross  sections  of  i'aur  and  Bass  / 2/  and 
with  Dobson  measurements  / 6 / .  Note  the  high  values  In  mid  and  high  latitudes  In  spring  in 
the  Northern  Hemisphere  and  at  mid  latitudes  in  local  soring  in  the  Southern  Hcj.1 s,jhe re . 

Also  note  the  low  values  In  September  -  October  near  ttO^S.  These  low  values  reflect  the 
recently  discovered  "ozone  hole"  In  the  Antarctic  / 7 / .  The  corresponding  standard  deviation 
In  percent  of  individual  ozone  measurements  relative  to  the  zonal  mean  as  well  as  a  measure 
of  lncerannual  variability  of  total  column  ozone  are  provided  by  Keating  and  Young  /!/. 
Largest  standard  deviations  and  largest  lncerannual  Variability  arc  accu  to  occur  In  Lhe 
"ozone  hole."  Farman  et  al.  / 7 /  give  evidence  that  uzouc  values  in  the  vicinity  of  the 
"ozone  hole"  may  have  been  closer  to  300  Dobson  units  prior  to  the  Nimbus  7  measurements. 

MODELS  OK  OZONE  VERTICAL  STRUCTURE 

The  ozone  vertical  structure  models  of  monthly  zonal  latitudinal  variations  (10°  resolution) 
are  based  on  the  SBUV,  LIMS,  SAGE,  SKE-UVS  and  SME-IR  data  indicated  in  Table  1.  The  4-year 
mean  of  the  SBUV  data  was  given  a  Weight  of  2  due  to  the  combination  of  extensive  Leuiporal 
and  spatial  coverage,  while  the  other  shorter  data  sets  were  each  given  a  weight  ot  *. 


t 


Although  there  is  lncerannual  variability,  comparslon  of  the  SBUV  data  over  the  4-yCur 
period  of  measurements  shows  a  remarkable  similarity  of  structure  from  year  to  year.  For 
example,  shown  in  Figure  2  Is  the  vertical  structure  at  0°,  2U°N,  4U°N  and  bd°N  tor  November 
ot  19?ti,  1979,  mi)  and  19iJl.  Note  how  the  0°  and  20°N  profiles  come  together  near  4  mb. 

The  oQ°N  protiles  changes  In  each  case  from  the  lowest  profile  at  4  mb  to  the  highest  at  1.} 
mb . 

bhown  in  Figure  3  is  the  interannual  variability  of  zonal  mean  ozone  expressed  as  standard 
deviation  (in  percent)  relative  to  the  mean  of  4  years  ot  SBUV  data  as  a  function  of 
pressure  and  latitude  for  the  months  of  November  and  July.  As  Indicated  In  the  previous 
figure,  the  interannual  variability  of  zonal  means  in  November  la  very  low,  generally  leas 
than  4Z .  Ln  contrast,  the  month  of  July  gave  the  largest  variability  over  this  4-year 
period  with  the  maximum  variability  occurring  at  high  winter  latitudes.  The  lute r« mr.ua  1 
variability  appears  to  be  strongly  related  to  quas lbiennlal  osc t Hat  Ions . 

Shown  In  Figure  4  is  Che  average  standard  deviation  (ln  percent)  of  the  individual  data 
points  making  up  the  monthly  zonal  means  based  on  the  4  years  ot  SBUV  data.  The  standard 
deviations  are  shown  as  a  function  of  latitude  and  pressure  and  appear  considerably 
different  from  the  interanuual  variability  displayed  in  Figure  3.  Minimum  standard 
deviations  ocmr  near  the  equator  and  in  the  summer  hemisphere.  Scuudard  deviations  can 
exceed  15X  at  high  latitudes  and  result  from  substantial  longitudinal  variations  ln  ozone  as 
well  as  changes  ln  the  zonal  means  during  the  month.  The  patterns  for  individual  years  loak. 
very  similar  to  these  mean  patterns. 

Shown  In  Figure  5  is  an  example  of  the  agreement  between  the  five  data  sets  used  to  generate 
models  of  the  ozone  vertical  structure  from  2D  mb  to  0.003  mb  (-25  lo  90  km).  Note  that  the 
mixing  ratio  is  displayed  on  a  log  scale  to  allow  accurate  representation  ui  the  two  orders 
of  magnitude  variation  over  this  altLtude  range.  It  should  be  recognized  that  each  data  set 
represents  entirely  different  techniques  of  measuring  the  vertical  structure  of  ozone.  The 
agreement  shown  here  is  fairly  representative.  Generally  the  SBUV  ozone  values  redetermined 
with  the  improved  ozone  cross  section  give  better  agreement  with  the  LlMb  and  SAGE  data  sets 
than  the  earlier  version. 

Monthly  updated  tables,  Including  the  data  refinements  as  a  function  of  pressure  and 
altitude  with  10°  resolution  In  latitude,  are  provided  by  Keating  and  Fitts  /  d  /  .  Shown  ln 
figure  0  are  the  resulting  ozone  dist r lbutious  for  the  equinox  and  soisLlce  months.  From 
the  tables,  detailed  information  concerning  the  annual  and  semiannual  variations  of  ozone 
are  available.  For  example,  Figure  7  shows  the  annual  variation  at 

jUuS  and  50°N  over  the  entire  range  of  altitudes  from  25  to  90  km.  Notice  the  asymmetries 
between  the  two  hemispheres.  Shown  in  Figure  8  is  the  semiannual  variation  at  30°S  and 
lo  N  tor  the  entire  range  of  altitudes.  Note  the  symmetry  in  the  low  latitude  variations  ln 
the  two  hemispheres  and  the  evidence  ot  Wave  propagation  from  the  mesosphere  down  into  the 
st  ratosphe  re . 

Shown  ln  Figure  9  la  the  vertical  structure  of  global  mean  ozone  (weighted  by  cosine  of 
latitude)  and  the  maximum  and  minimum  extremes  uf  the  values  tabulated  ln  Keating  and  Fitts* 
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COMPARISON  OP  MODEL  WITH  BALLOON,  ROCKET,  AND  UMKEHR  MEASUREMENTS 


It  Is  of  Interest  to  compare  the  ozone  vertical  structure  model  provided  here,  which  Is 
based  on  satellite  measurements,  with  ozone  measurements  obtained  by  other  techniques.  The 
Krueger  and  Mlnzner  annual  mean  ozone  reference  model  of  45°N  / 5 /  based  on  balloon  and 
rocket  data  has  proven  to  be  very  useful  and  Is  included  In  the  U.  S.  Standard  Atmosphere, 
1976.  Data  from  rocket  soundings  In  the  latitude  range  of  4S°N  ±  15°,  results  of  balloon 
soundings  at  latitudes  from  41°N  to  47°N,  and  latitude  gradients  from  Nimbus  4  BUV 
observations  have  been  taken  Into  account  to  estimate  the  annual  moan  concentration  and  Its 
variability  up  to  heights  of  74  kra  for  an  effective  latitude  of  45°N.  Shown  In  Figure  10a 
is  a  comparison  of  the  vertical  structure  of  the  annual  mean  volume  mixing  ratio  given  by 
Krueger  and  Mlnzner  with  that  of  the  annual  mean  determined  by  averaging  the  monthly  values 
at  40°  and  50°N  based  on  the  model  given  here  which  is  tabulated  in  Keating  and  Pitts 
/ ft/.  As  may  be  detected,  there  is  good  agreement  between  the  balloon  and  rocket  measurement 
•odel  and  the  satellite  measurement  model.  The  satellite-derived  volume  mixing  ratios  are 
slightly  lower  below  0.5  mb  than  given  in  the  earlier  satellite  model  [ / 1 , 4 / ]  due  to  the 
loproved  absorption  coefficients.  Shown  in  Figure  10b  are  the  percent  differences  of  the 
Krueger  and  Mlnzner  model  from  the  satellite  measurement  model.  Below  altitudes  of  0.2  mb, 
the  agreement  is  generally  within  10Z.  Above  0.2  mb,  differences  as  large  ns  45X  occur,  but 
sll  differences  at  all  levels  are  within  the  error  bars  Indicated  in  the  Krueger  and  Mlnzner 
oodel.  Both  models  give  maximum  mixing  ratios  near  5  mb. 


Shown  in  Figure  11  la  a  comparison  of  the  annual  mean  vertical  ozone  distribution  from 
oronesonde  data  from  Hohenpelssenberg  (FRG)  (48°N,  11°E)  over  the  period  1967-1985  and  from 
Thalwl 1-Payerne  (Switzerland)  (47°N,  7°E)  over  the  period  1967-1982  with  the  47.3°N  zonal 
average  annual  mean  based  on  the  satellite  data.  Also,  the  annual  mean  vertical  structure 
of  lakehr  data  from  Arosa  (Switzerland)  (47°N,  L0°E)  1955-1983  Is  compared.  These  data  were 
generously  provided  by  R.  D.  Bojkov  (1986).  Considering  that  the  ozonesonde  and  Umkehr  data 
do  not  represent  a  zonal  average  but  do  represent  conditions  over  a  period  of  many  years, 
the  agreement  is  very  good.  Comparisons  month  by  month  of  the  ozonesonde  data  show  better 
than  10X  agreement  with  the  zonal  mean  mixing  ratios,  but  show  evidence  of  local  phase 
shifts  relative  to  the  zonal  mean  annual  variations. 


CONCLUSIONS 


Incorporating  data  based  on  improved  algorithms  has  improved  agreement  between  the  satellite 
data  sets  used  to  develop  the  ozone  models  described  here.  Cood  agreement  is  also  shown 
between  these  models  based  on  satellite  data  and  various  sets  of  rocket,  balloon,  and  Umkehr 
data.  Because  of  space  limitations,  only  a  portion  of  the  material  to  be  included  in  the 
Cl RA  ozone  reference  model  Is  presented  here.  Updated  tables  may  be  found  in  /8/. 
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.  Long-term  balloon  and  Uakehr  measurements  of  ozone  compared  with  ozone 
model  based  on  satellite  data. 
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ABSTRACT 

Motivated  by  the  need  in  many  aerospace  applications  for  a 
meaningful  reference  atmosphere  charact er i s t l c  of  the  whole  of 
the  tropics  in  both  the  northern  and  southern  hemispheres  of  the 
globe,  a  proposal  was  made  earlier  by  the  authors  for  altitudes 
up  to  B0  km.  This  proposal  is  here  extended  up  to  an  altitude  of 
1000  km.  The  proposal  is  based  on  ba 1 loonaonde,  rocketsonde, 
grenade,  falling  sphere  and  satellite  data  in  the  range  0  to  130 
km,  and  on  the  MSIS-  83  model  from  100  to  1000  km.  The  proposal 
consists  of  linear  segments  in  the  temperature  distribution  with 
values  in  degrees  Celsius  of  27,  -9,  -74,  -5,-5,  -74  and  -80.4  at 
geopotential  altitudes  of  0,  6,  16,  46,  51,  74  and  84.69  km  (=  86 
km  geometric  altitude)  reapecti vely,  beyond  which  the  description 
is  in  terms  of  geometric  altitude.  A  linear  segment  between  86 
and  97  km  with  a  lapse  rate  of  0.6°C/km  is  followed  by  an 
elliptic  variation  commencing  with  a  temperature  gradient  of  zero 
at  97  km  to  reach  at  110  km  a  temperature  of  -45°C  with  a 
gradient  of  15°C/km.  This  gradient  remains  constant  up  to  120  km 
where  the  temperature  is  105°C.  Beyond  120  km  the  temperature 
distribution  follows  a  Bates  type  of  profile  up  to  1000  km  to 
reach  a  value  there  of  760°C.  A  sea  level  pressure  of  1010  mb  and 
an  acceleration  due  to  gravity  of  9.78852  ms-2  corresponding  to 
the  Tropic  of  Cancer  are  used  in  the  preparation  of  the 
atmospheric  tables. 

INTRODUCTION 

With  the  presently  available  meteorological  data  it  is  now 
possible  to  characterise  atmospheric  conditions  typical  of  a 
season,  month  or  even  a  day.  However,  a  standard  atmosphere 
representative  of  the  mean  annual  conditions  is  still  essential 
for  many  aerospace  applications.  -  An  International  Standard 
Atmosphere  (ISA:  see  / 1 , 2/ )  valid  for  raid-northern  latitudes 
specified  upto  32  km,  and  its  proposed  extension  to  higher 
altitudes  (such  as  in  /3/),  have  been  formulated  for  meeting 
these  needs. 

The  authors  have  previously  discussed  at  length  /4  to  7/  the 
problems  of  defining  atmospheric  standards  for  India  and  the 
tropics,  and  have  shown  that  it  is  possible  to  specify  a  suitable 
Indian  Standard  Tropical  Atmosphere  (ISTA)  and  an  International 
Tropical  Reference  Atmosphere  (ITRA),  valid  up  to  80  km  and  about 
30°N  in  latitude.  None  of  the  standard  or  reference  atmospheres 
formulated  earlier  /8  to  15/  for  the  tropics  has  covered  the 
above  latitude  and  altitude  range.  In  the  present  work  ITRA  is 
extended  to  an  altitude  of  1£'J0  km.  The  subsequent  sections 
discuss  the  accuracy  and  consistency  of  the  data  available  for 
use  in  formulating  the  present  proposal. 
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DATA  BASE  FOR  ITRA  UP  TO  1000  KM 

The  present  reference  atmosphere  is  developed  in  four  parts, 
nenie  1  y , 

(i)  in  the  troposphere  and  lower  stratosphere,  using 

balloonsonde  data, 

(n)  m  the  upper  stratosphere,  utilising  rocketsonde  data, 

(m)  in  the  mesosphere,  considering  grenade,  falling  sphere  and 
the  Nimbus  satellite  data,  and 

(iv)  in  the  thermosphere,  based  mainly  on  the  MSIS-83  model. 

Table  1  shows  the  details  of  the  available  data  and  their 
sources . 

REMARKS  ON  THE  QUALITY  AND  CONSISTENCY  OP  DATA 


Troposphere  and  Stratosphere 


As  discussed  in  /7 , 16/  the  post-1970  balloonsonde  data  of  the 
India  Meteorological  Department  as  also  the  Monthly  Climatic  Data 
tor  the  World  /17/  for  the  American  stations  up  to  20  km  are 
consistent.  Further  the  rocketsonde  data  up  to  about  SB  km  from 
various  countries,  in  particular  the  USSR  and  USA  which  have 
provided  the  data  for  a  large  number  of  stations  /14,18,19/  over 
the  globe,  are  consistent  and  thus  can  be  used  for  proposing  the 
reference  atmosphere.  Beyond  about  50  km  there  are  unresolved 
differences  /20,21,22/  among  the  above  rocketsonde  data,  perhaps 
due  to  the  exposure  of  the  thermistor  probes  to  the  tree- 
molecular  conditions  around  50  km  and  above. 


Mesosphere 


For  the  higher  altitude  range  of  about  50  to  100  km  we  have  used 
the  falling  sphere  and  grenade  data  /22  to  26/.  These  data  are 
generally  consistent  among  themselves  and  possess  an  accuracy  of 
about  2  to  3°C.  Smith  et  al  /23/  report  pitot  data  as  well,  but 
these  lead  to  temperature  values  which  are  about  5°C  higher  on  an 
average  from  the  grenade  data  for  the  low  latitude  stations  such 
as  Ascension  i  Natal  (see  Table  1);  as  the  reason  for  this 
discrepancy  is  not  clear  we  have  not  considered  the  pitot  data. 
Data  in  this  altitude  range  are  not  as  extensive  as  one  would 
wish  but  are  nevertheless  just  adequate  to  propose  a  reasonable 
reference  for  describing  the  mean  annual  conditions.  The  most 
recent  Nimbus  data  /27/,  worked  out  from  the  radiance  values,  are 
quite  consistent  with  the  present  proposal  from  about  50  to  70  km 
as  shown  in  Figure  1.  However,  beyond  this  altitude  the  satellite 
values  are  higher  than  the  falling  sphere  and  the  grenade  data, 
and  the  reason  for  this  is  not  yet  Clear. 


Thermosphere 


In  this  region,  most  grenade  or  falling  sphere  data  are  available 
up  to  about  100  km.  Beyond  this  altitude  the  number  of  soundings 
is  very  small.  Further  beyond  about  80  km  one  has  to  specify  in 
any  reference  atmosphere  the  varying  concentration  of  the  various 
species,  which  have  to  match  with  the  conditions  that  may  be 
specified  at  about  120  km  by  a  suitable  thermospheric  model  such 
as  in  /28  to  31/.  These  problems  are  discussed  in  greater  detail 
later.  For  the  present  work  we  have  used  the  M5IS-83  model  /30/ 
for  the  above  purpose. 
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THE  PHYSICAL  CONDITION  OF  THE  ATMOSPHERE  FROM  SEA  LEVEL 
TO  10J0  KM 

From  sea  level  up  to  an  altitude  o f  about  85-86  km,  air  is  known 
to  be  in  a  thoroughly  mixed  condition  and  thus  the  relative 
cincentntiona  of  the  various  constituents  do  not  change.  Up  to 
this  neignt  the  atmosphere  can  be  described  in  terms  of  the 
molecular  scale  temperature  TM ,  versus  the  geopotentiAl  altitude 

H.  Usinj  the  relation  between  temperature  and  altitude  one  can 
work  out  the  pressure,  density  and  other  atmospheric  properties. 

iieyo.nJ  about  85  km  molecular  dissociation  commences,  and  above 

I. ’.'  i m  molecular  diffusion  predominates,  and  so  air  can  no  longer 
be  treated  as  a  perfect  gas.  It  is  then  necessary  to  specify  at 
each  level  the  varyinq  concentrations  of  the  different  species 
constituting  air.  As  in  /3/,  the  description  at  and  beyond  86  km 
is  in  terms  of  the  kinetic  temperature  T,  versus  the  geometric 
altitude  Z.  In  this  region  the  vertical  density  profile  n^(Z)  of 
the  atmospheric  constituent  i  as  given  in  /3,32/  is 

nl[Z)  =  n^Z,,)  {T(Z0)/T(Z)}l(K/(Di+K),H)l(Di/(Di  +  K)  ,1^) 

.MiCi-d  lnT/dZ.Dj/CDj/K)  ,  1 )  I  (  VA/ (  D^K  )  ,1  )  ...(1) 

where  I(x,y)  =  exp  (-/(x/y)dz)  ...(2) 
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and  Z  is  taken  to  be  86  km  aa  in  / 3 / .  The  K  and  D  are 
respectively  the  height-dependent  eddy  and  molecular  diffusion 
coefficients;  H  and  H  ^  are  the  scale  heights  for  air  and  each  of 
its  constituents  and  is  the  species  thermal  diffusion 

coefficient.  The  first  three  integrals  in  Eqn(l)  refer  to  mixing 
and  diffusive  processes.  The  so-called  flow  term  denoted  by  the 
fourth  integral  has  to  account  for  the  complex  chemical  and 

transport  processes  which  occur  in  the  above  region  of  the 

atmosphere  / 3  3  to  35/.  However,  in  developing  a  reference 
atmosphere  that  should  be  capable  of  being  generated  easily  for 
comparison  with  experiment  and  be  useful  for  analytical  studies, 
one  has  to  look  for  reasonable  assumptions  which  simplify  the 
approach.  For  this  we  assume  that  the  turbopause  level  for  the 
various  species  terminates  sharply  at  a  height  of  Z.i.  The 

flow  term  is  more  complicated  than  the  mixing  and  diffusion 

terms.  For  this  we  propose  a  simple  form  such  as 

V^tD^  +  K)  =  at{(120-Z)  (Z-86)>2  ...(3) 

where  the  dj  are  adjustable  parameters  to  be  so  chosen  that  the 
particular  species  concentration  values  at  120  km  are  close  to 
the  average  values  for  low  latitudes  from  the  MSIS-83  model.  The 
major  constituent  N^  i3  assumed  to  be  in  complete  diffusive 
equilibrium  above  its  turbopause  height.  Thus  once  the 

temperature  distribution  is  specified  the  N2  number  density 
distribution  can  be  worked  out.  In  fact  we  adjust  T(Z)  3uch  that 
the  value  for  the  number  density  of  nitrogen  at  120  km  matches  as 
closely  as  possible  with  the  value  from  the  MSIS-83  data.  Thus 
the  value  of  its  Oj  -  0.  The  atomic  oxygen  is  strongly  governed 
by  the  chemical  and  transport  processes,  but  as  we  shall  discuss 
below  its  distribution  is  dealt  with  differently.  Thus  the  a^ 
need  to  be  chosen  only  for  Molecular  Oxygen,  Argon  and  Helium. 


Beyond  an  altitude  of  120  km  the  various  species  constituting  air 
are  assumed  to  be  in  diffusive  equilibrium.  The  MSTS-H3  model  in 
fact  specifies  the  conditions  of  the  temperature,  its  gradient  at 
thi3  altitude  as  al3o  the  temperature  profile  from  05  km  up  to  an 
exospheric  altitude  of  1000  km  for  varying  latitude  and 
longitude*-,  and  solar,  magnetic,  seasonal,  dally  and  hourly 
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conditions;  this  is  used  to  extend  ITRA  up  to  1000  Am. 

It  the  temperature  distribution  known  as  the  Bates  profile  /36/ 
is  written  as 

T(2)  =  Te  -  (Te  -  Ti2a)  exp  (-32*)  ...(4) 

where  Te,  T^-jy  are  respectively  the  temperatures  at  1000  km  and 
st  120  km,  witfi 

2‘  *  (2  -  120)  (Re  -t-  120)  /  (Re  +  2)  , 

s  *  ( dT/d2 ) 2»120  /  (te  "  T120'' 
and  Re  -  the  radius  o£  the  Earth, 

then  the  number  density  can  be  expressed  in  closed  form  /36/  as 

n^Cz)  =  n  i(  1 20  )  {Tj^  2a/T(Z  )  )  ^  1+^i+1//aHi  '  ^ .  exp( -32  1  )  ...(5) 

with  *  (  ReTE)/(  n^gt  120)  )  , 

the  argument  of  g(.)  referring  to  the  altitude. 

PROPOSED  INTERNATIONAL  TROPICAL  REFERENCE  ATMOSPHERE 
{ITRA)  UP  TO  1000  KM 

The  philosophy  adopted  by  the  authors  /4,5,6 /  in  proposing  the 
reference  has  been  that  it  should 

(a)  be  reasonably  close  to  mean  conditions, 

(b)  within  the  range  of  variation  inherent  in  the  atmosphere  over 
the  space  and  time  which  it  describes  and  the  uncertainty  in 
the  data,  be  as  simple  as  possible, 

( c )  adopt,  where  no  physical  principles  are  violated,  as  many  of 
the  parameters  in  the  ISA  as  possible,  and 

(d)  be  dynamically  consistent. 

Temperature  d i3tr ibut ion  with  alt i tude 

Usually  straight  line  temperature  distribution  with  altitude  is 
used.  This  is  done  since  a  closed  form  integration  for  obtaining 
the  atmospheric  properties  is  Chen  possible. 

As  indicated  in  /6,7/,  the  proposed  standard  has  a  sea  level 
temperature  of  27°C  and  a  lapse  rate  of  6°C/km  up  to  6  km  (which 
is  lower  than  the  ISA  value  but  is  characteristic  of  the  humid 
tropics)  and  6.5°C/kra  (as  in  ISA)  from  6  to  16  km,  the  tropopause 
height  where  the  temperature  is  -74°C.  In  the  stratosphere,  a 
single  lapse  rate  of  -2.3°C/km  all  the  way  up  to  a  atratopause 
height  of  46  kra,  with  a  temperature  of  -5°C,  was  found  to  fit  the 
data  very  well  /6/.  Though  this  temperature  is  somewhat  higher 
than  indicated  by  the  Thumba  value,  we  consider  it  appropriate 
because  of  the  fact  that  the  stratopause  temperature  increases 
with  increasing  latitudes.  The  available  data  in  the  mesosphere 
indicate  that  the  constant  temperature  stratopauae  extends  up  to 
31  km.  Considering  the  differences  between  the  geopotential  and 
geometric  height  which  is  of  the  order  of  about  1  kin,  it  turns 
out  that  the  above  level  for  the  end  of  stratopause  is  more 
appropriate  than  the  value  of  52  km  in  our  earlier  proposal  /7/. 
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In  the  mesosphere  it  should  be  noted  that  inversions  occur  durinq 
some  months  and  there  are  also  well  known  double  mesopauses  with 
different  temperature  values  as  well.  However  the  mean  annual 
conditions  can  be  specified  in  a  simple  way  as  shown  in  Figure  1. 
Due  to  the  3parsity  of  the  data,  we  have  considered  stations  at 
both  low  and  high  latitudes,  which  indicate  the  latitudin.il 
variation  and  thus  help  in  formulating  the  present  reference 
atmosphere  for  the  tropics.  In  the  present  proposal  a  constant 
lapse  rite  of  3°C/km  from  51  km  to  74  km  lead3  to  a  temperature 
ot  -74°C  (as  at  the  t ro popa use  1 ) .  The  Wallops  Island  and  the 
Churchill  data  /2J/  indicate  that  the  latitudinal  variation  is 
weak  (atleast  between  53  and  85  km).  Further,  up  to  an  altitude 
of  1 J  km,  excellent  agreement  exists  for  the  present  proposal 
with  the  Nimbus  data  / 21 /  averaged  over  30  S  to  30  N  in  latitude. 
AI30  the  present  proposal  up  to  about  75  km  is  consistent  with 
the  various  monthly  reference  atmospheres  for  the  northern  and 
southern  hemispheres  as  proposed  in  /14/,/15/  respectively. 

Between  83  and  133  km  it  is  once  again  expedient  to  go  by  the 
variations  between  low  latitude  and  mid-latitude  station  data. 
From  Figure  1  one  may  note  that  the  Ascension  Island  data 
indicate  some  kink3  but  the  Kwajalein  data  are  smooth,  but  beyond 
133  km  these  are  based  on  only  three  soundings.  The  M5IS-83 
model  data  show  much  higher  values  than  the  Kwajalein  data  around 
30  km.  Thus,  considering  the  latitudinal  variations  between  the 
station  data  of  Kwajalein,  Wallops  and  Churchill  we  find  that  it 
is  best  to  have  from  74  km  altitude  a  lapse  rate  of  0.6°C/km 
(geopotential)  up  to  a  geopotential  altitude  of  84.69  km  [ =  86  km 
geometric  height)  and  later  once  again  a  lapse  rate  of  0.6°C/km 
(geometrical)  between  86  and  97  km  of  geometric  altitude. 

In  the  altitude  from  about  100  to  120  km  we  noticed  that  the  MSIS 
-  83  data  averaged  over  the  range  of  magnetic  index  A  =  0  to  10 
and  solar  activity  index  Fray  =  75  to  225,  is  close  to  its  value 
far  A  «  4.0  and  F^0  7  =  1501  Further  the  above  is  averaged  over 
33  S^to  30  N.  These  averaged  model  data  are  also  given  in  Table 
1.  In  the  present  proposal  the  temperature  variation  has  been 
chosen  close  to  such  latitudinally  averaged  MSIS  data  which  leads 
to  a  value  for  the  number  density  of  nitrogen  close  to  MSIS  -  83 
value  at  120  km.  Thus  the  minimum  temperature  in  the  present 
proposal  in  the  mesosphere  is  -80.4°C  at  97  km  and  the  subsequent 
rise  in  the  temperature  in  the  lower  thermosphere  is  described  by 
an  elliptical  distribution  which  has  a  temperature  of  -45°C  at 
113  km  where  the  gradient  reaches  the  value  15°C/km.  Subsequently 
the  temperature  increases  at  the  same  rate  up  to  120  km  where  it 
reaches  a  value  of  105°C.  Figure  2  shows  ITRA  between  0  and  123 
km.  A  similar  procedure  Indicates  a  choice  of  760°C  ( *  1033 . 1 5°K ) 
at  1333  km. 

0 i s t r i bn t i on  o f  nit roqen 

This  is  obvious  as  explained  in  the  previous  section  since  the 
temperature  distribution  from  about  74  km  up  to  123  km  has  been 
so  chosen  as  to  match  the  value  of  the  species  number  density  at 
123  km.  The  assumed  turbopause  height  is  at  105  km  for  this 
con3t l tuen  t . 

Distribution  o  f  atomic  oxygen 

A  perusal  of  the  data  in  the  literature  /37,38,39/  shows  two 
things  very  clearly  regarding  this  constituent.  The  first  is 
that  it  follows  very  closely  the  Chapman  distribution  whose  form 
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[0]  -  [0Jm.exp  1/2  [1-(Z-Zm)/SH  -  exp{ ( Z-Zj /SH ) ]  ...(6) 
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wnere  [0]m  13  the  value  of  the  peek  concentration  located  at  Zm< 
and  SH  ia  the  ahape  factor.  Offerman  et  al  /37/  have  ahown  for  a 
large  number  of  experimental  data  that  the  above  peak  atomic 
oxygen  concentrat ion  correlatea  with  the  total  column  density  of 
atomic  oxygen  up  to  an  altitude  of  lid  km.  From  their 
correlation  plot  we  have  interred  that  the  value  for  the  ahape 
factor  should  be  5.  It  may  be  mentioned  that  the  value  from  /3/ 
ahown  in  their  Figure  (somewhat  away  Irwin  the  correlation 
relation)  would  require  a  ahape  factor  of  5.5.  Further  the  above 


body  of  data  alao  indicates  Z^  to  be  around  97  km,  30  wu  chooa 


this  Value.  Within  the  limits  of  the  variability  of  the  atomic 
oxygen  as  noted  in  tt.e  various  experiments  the  above  choices  for 
SH  and  Z|n  seem  reasonable  to  describe  the  Variation  ot  the  atomic 
oxygen  between  Bo  and  12d  km. 


Distribution  of  molecular  Oxygen ,  Argon  and  Helium 


These  are  calculated  by  choosing  suitable  values  for  the  various 
a,  in  Eqn  (1)  so  that  their  concen trat ions  match  with  the  M5IS- 
03  model  values  at  12d  km.  The  assumed  levels  of  the  turbopause 
tor  these  species  are  respectively  103,  103  and  95  km  as  in  the 
MSIS-83  model.  With  a  given  value  of  the  concentration  at  12d  km 
it  has  been  noticed  by  us  that  any  choice  of  the  turbopause 
height  for  the  first  two  species  between  95  and  105  km  does  not 
substantially  affect  their  distribution  between  86  and  120  km. 
but  for  helium  which  is  very  light  it  seems  more  appropriate  to 
use  the  lower  value  namely  95  km  for  getting  a  suitable 
description.  Figure  3  shows  the  distribution  of  the  various 
species  in  ITRA  from  80  to  120  km. 


Mean  sea  level  pressure 


As  discussed  in  the  earlier  paper  /7/  a  sea  level  pressure  of 
1010  mb  has  been  chosen  based  on  the  southern  and  northern 
hemisphere  tropical  data  from  /40/  for  the  years  1951  to  1960  for 
nearly  200  stations.  This  value  of  the  sea  level  pressure  ia 
somewhat  lower  than  the  mid-latitude  value  of  1013.25  mb  in  ISA. 


Acceleration  due  to 


For  this  we  suggest  a  value  corresponding  to  the  Tropic  of 
Cancer,  which  from  Lambert's  formula  in  /41/  is  9.78852  ms"^ 


(truncated  to  five  decimal  places). 


TABLE  2:  DEFINING  PARAMETERS  AND  CONSTANTS  FOR  THE  PROPOSED  ITRA 


Geop  Alt  ( km)  0 


Temp  (°C) 


27(6.0)-9(6.5}-74(-2.3)-5(0.0)-5(3.0)-74(0.6)-80.40 


Geom  Al t ( Km ) 


97  110 


120  1000 


Temp  (°C) 


-80.4  (0.6)  -87  *  -45  (-15)  105  **  760 


The  bracketed  quantities  denote  lapse  rate  in  °C/km.  The  (*) 
denotes  an  elliptical  variation  of  temperature  distribution, 
commencing  with  zero  gradient  at  97  km  and  ending  with  a  gradient 
of  15°C/km  at  110  km,  and  !**)  indicates  a  Bates  type  of  profile 
commencing  with  a  gradient  of  15°C/kra  at  120  km  and  ending  with 
1000  km. 


Sea  level  pressure  *  1010  mb 


Acceleration  due  to  gravity  =  9.78852  ma-^ 


*;•*;*■ >r  >  *.  *  **• 
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Proposed  Inlernjtionul  Tropical  Reference 


Const! tuen  t 


n( 120)/m3 


105.0  -  105.0  105.0  95.0 

3.261+17  8.00+16  2.90+16  1.10+15  2.40+13 


The  molecular  weight/  the  ratio  of  the  specific  heats  of  air, 
the  gas  constant,  and  the  other  constants  for  the  transport 
properties  are  assumed  to  be  the  same  as  in  /3/.  The  atmospheric 
properties  for  the  proposed  ITRA  are  provided  in  an  abridged  form 
in  Tables  3  to  6. 
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PRES 

TEMP 

PRESSURE 

PRESSURE 

DENS  ITT 

DENS  ITT 

SONIC 

UNIT  RET 

ALT 

ALT 

RATIO 

(kg/m3 ) 

RATIO 

VELCTT 

NUfl  tibR 

{m  ) 

(m  ) 

<°K) 

(mb) 

(m/s  ) 

( s/»‘ ) 

-2  000 

-1890 

312.15 

1.262  3 

1.250  0 

1.408  0 

1  .  202  0 

3  54  .  1  8 

7.402  0 

00 

30 

300.15 

1.010  3 

1.000  0 

1.172  0 

1.000  0 

347.31 

6.348  0 
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1940 

288  .  15 

8.010  2 

7.930-1 

9.684-1 

8.261-1 

340.29 

•3.412  0 
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384  0 

276.15 

6.290  2 

6.227-1 

7.934-1 

6.769-1 

3  3  3  .  1  3 

4.684  0 
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5  740 

2  6  4  .  1  5 

4.886  2 

4.838-1 

6.444-1 

5.497-1 

325.81 

3.856  0 
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7640 

25  1.15 

3.750  2 

3.712-1 

5.201-1 

4.437-1 

317.70 

3.240  0 
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9540 

2  38  .  1  5 

2.837  2 

2.809-1 
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3.540-1 

309.36 

2.700  0 
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22  5  .  1  5 
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2.228  0 

14C00 
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1.547  2 
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2.167-1 

291.99 

1.819  0 
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1.942-1 

1.657-1 

292.90 

1.467  0 
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17660 

203.75 

7.914  1 

7.836-2 

1 . 353-1 

1. 154-1 

286.15 

1  .  002  0 
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208.35 

5.684  1 

5.628-2 

9.503-2 

8.107-2 

289.36 

6. 908-1 

2  2000 

2  1920 

212.95 

4.112  1 

4.071-2 

6.726-2 

5.738-2 

292.54 

4.800-1 

24000 

2  386  0 

217.55 

2.995  1 

2.965-2 

4.796-2 

4.091-2 

295.68 

3.362-1 

26000 

25870 

2  22  .  1  5 

2.196  1 
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3.444-2 

2.938-2 

2  9  8.79 
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245.15 

5.097  0 

5.047-3 

7.244-3 

6.179-3 
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2. ! 16-4 
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2.6  3  4-4 

311.31 

1.988-3 
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2  35  .  1  5 
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5.599-4 

7  2  00  0 
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7  3  0  00 
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60330 

80170 
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280.33 
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3  2  000 

82  160 

194.35 
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279.47 
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TABLE  4t  ATMOSPHERIC  PROPERTIES  OP  ITRA  (SI  UNITS) 


PRESSURE 

GEOPT 

NUMBER 

MEAN 

MEAN 

MEA  N 

DYNAMIC 

kinmatic 

THERMAL 

ALT 

DENSITY 

PARTICLE 

COLLSN 

FREE 

VISCTY 

V ISCTY 

CONDVTY 

( mo ) 

(m ) 

l  tn~  3 ) 

SPEED 
(ms-1 ) 

PREO 

(8_1) 

PATH 

(m) 

kg/(ra.3) 

(m2/s ) 

W/(m.K) 

1. 010 

3 

00 

2.437 

25 

4.684 

2 

6.758 

9 

6.931-8 

1.847-5 

1.575-5 

2.626-2 

a. sou 

2 

1500 

2.114 

25 

4.614 

2 

5.774 

9 

7.990-8 

1.804-5 

1.774-5 

2 .556-2 

7.000 

2 

3130 

1.802 

25 

4.535 

2 

4.837 

9 

9.376-8 

1.757-5 

2.027-5 

2.479-2 

5.000 

2 

5820 

1.366 

25 

4.403 

2 

3.559 

9 

1.237-7 

1.677-5 

2.553-5 

2  .  350-2 

3.000 

2 

9610 

9.029 

24 

4.195 

2 

2.242 

9 

1.871-7 

1.551-5 

3.571-5 

2.151-2 

2.000 

2 

12360 

6.502 

24 

4.036 

2 

1.553 

9 

2.598-7 

1.455-5 

4.653-5 

2.002-2 

1.500 

2 

14190 

5.152 

24 

3.926 

2 

1.197 

9 

3.279-7 

1.390-5 

5.609-5 

1.902-2 

1.000 

2 

16610 

3.612 

24 

3.829 

2 

8.186 

8 

4.678-7 

1. 332-5 

7 . 666-5 

1 .814-2 

5.000 

1 

20790 

1.723 

24 

3.919 

2 

3.998 

8 

9.803-7 

1 . 386-5 

1.672-4 

i . as  u -2 

3.000 

1 

23990 

9.990 

23 

3.988 

2 

2.358 

8 

1.691-6 

1.420-5 

2.969-4 

1.958-2 

2.000 

1 

26610 

6.481 

23 

4.042 

2 

1.551 

8 

2.607-6 

1.459-5 

4.682-4 

2.008-2 

1.000 

1 

31260 

3.092 

23 

4.138 

2 

7.574 

7 

5.464-6 

1.517-5 

1.020-3 

2.098-2 

5.000 

0 

3614  0 

i.475 

23 

4.236 

2 

3.699 

7 

1.145-5 

1.576-5 

2.221-3 

2. 190-2 

2 . 000 

0 

42940 

5.548 

22 

4.369 

2 

1.435 

7 

3.045-5 

1.656-5 

b . 206-3 

2 .317-2 

1.000 

0 

4  8  350 

2.701 

22 

4.427 

2 

7.078 

6 

6.255-5 

1.691-5 

1.302-2 

2.374-2 

5.000-1 

53760 

1.394 

22 

4.358 

2 

3.596 

6 

1.212-4 

1.650-5 

2.461-2 

2.307-2 

2.000' 

-1 

60470 

6.043 

21 

4.186 

2 

1.497 

6 

2.796-4 

1.546-5 

5.318-2 

2 . 14  3-2 

1.000' 

-1 

o52Q0 

3.212 

21 

4.061 

2 

7.719 

5 

5.261-4 

1.470-5 

9.518-2 

2.025-2 

5.000 

69640 

1.707 

21 

3.939 

2 

3.979 

5 

9.B99-4 

1.397-5 

1.702-1 

1.913-2 

2.000 

* 

75130 

7.300 

20 

3.809 

2 

1.646 

5 

2.314-3 

1 .320-5 

3.759-1 

1.796-2 

1.000 

-2 

79140 

3.695 

20 

3.786 

2 

8.279 

4 

4.573-3 

1.306-5 

7.350-1 

1.775-2 

5.000 

-3 

83100 

1.070 

20 

3.763 

2 

4.165 

4 

9.034-3 

1.292-5 

1.437  0 

1.755-2 

3.776 

-3 

84690 

1.4  19 

20 

3.753 

2 

3.153 

4 

1.190-2 

1 .287-5 

1.885  0 

1.747-2 
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ALT 

TEMP 

NITROGEN 

ATOMIC 

MOLECULAR 

ARGON 

HELIUM 

{  km) 

{  °K  ) 

OXYGEN 

OXYGEN 

86.00 

192.73 

1.108 

20 

2.907 

16 

2.972 

19 

1.325 

18 

7.435 

14 

O7.O0 

192.13 

9.353 

19 

5.961 

16 

2.  509 

19 

1.119 

10 

6.  267 

14 

88.00 

191.53 

7.893 

19 

1.054 

17 

2.1)4 

19 

9.432 

17 

5.  274 

14 

39.00 

190.93 

6.657 

19 

1.650 

17 

1.777 

19 

7.939 

17 

4.425 

14 

90.00 

190.33 

5.612 

19 
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TABLE  6:  ATMOSPHERIC  PROPERTIES  OF  ITRA  FROM  86  TO  1000  KM 
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ABSTRACT 

Recent  progress  in  modelling  the  temperature,  density,  ami  pressure  specifications  between  SO  and  100  km  is 
reported.  The  data  base  consists  primarily  of  rocket  and  incoherent  scatter  measurements  of  temperature. 
An  analytic  polynomial  scheme  is  described  whereby  smooth  transitions  with  tabulations  below  Ml  km  and 
the  MS|S-h3  model  above  120  km  are  obtained.  Evaluations  of  the  quality  of  fit  to  the  data  and  possible 
directions  for  future  work  are  also  presented. 

LNTRODCCTION 

specific  recommendations  for  the  new  CIRA  made  in  198-1  'sere  that  / 1 / : 

|i|  Tabulations  between  SO  and  120  km  should  represent  /onally-  averaged  values,  and 

Hi)  The  temperature,  density  and  pressure  specifications  between  SO  and  100  km  should  provide  a  smooth 
transition  w  ith  zonally-averaged  satellite  data  below  and  MSlfi-83  / 2/  above. 

This  paper  reviews  work  in  progress  to  meet  these  recommendations. 

METHOD  Of  TEMPERATURE  MODELLING 

Month, Iv  temperature  cross-sections  in  height  and  latitude  have  been  determined  that  meet  the  following 
cotidit urns  (Fig.  I ) 

Ij  A  smooth  transition  at  130  km  to  the  temperature  profile  of  MSIS-83  for  rind-month  dates  and  mean 
solar  activity  of  F10.7  -  120  units,  Ap  =  10,  longitudinal  and  diurnal  (also  semi-diurnal  and  terdiurna!) 
d<  prudences  being  neglected. 

■  2|  A  smooth  transition  at  70  km  to  the  zonal  mean  temperatures  of  the  monthly  mean  models  to  SO  km 
previously  prepared  / 3/.  The  models  to  SO  km  are  taken  to  represent  mesospheric  structure  for  mean 
solar  conditions  ( F  10.7  =  1 20  units)  as  their  database  extends  over  years  for  which  solar  activity  averages 
to  about  this  level. 

j  3  j  A  constrained  least-squares  fit  to  observed  temperature  differences  (from  an  initial  temperature  model), 
the  imposed  constraint  being  t Fiat  the  ratio  (partial  pressure  of  N3  at  130  km)/(parlial  pressure  of  N3 
at  70  km)  that  is  calculated  for  a  fitted  temperature  profile  should  equal  the  same  ratio  as  calculated 
from  the  pressure  values  provided  by  the  upper  and  lower  matching  models. 

The  analytical  procedure  is  to  express  the  reciprocal  of  temperature  T  (or  more  precisely  g/T.  g  being  the 
gras  1 1 y  acceleration!  as  a  polynomial  in  height,  then  by  integration  the  ln(N>  -  pressure  ratio)  may  also  be 
expressed  as  a  polynomial  m  height  and  the  coefficients  chosen  to  satisfy  (3)  above.  Temperature  data  (70 
in  13U  km)  that  have  been  utilized  for  (3)  above  are 

a)  The  temperature  data  previously  utilized  in  the  construction  of  CIRA  1972  /4 / ,  and 
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iLj  SubM-quent  data,  reviewed  in  / 1  / ,  which  have  been  obtained  either  by  rocket  techniques  or  incoherent 
M  atter  (l.s.)  measurement:*,  the  latter  being  t lie  main  source  of  data  above  UXJ  km. 


T;.r  incoherent  scatter  data  utilized  were  from: 

■  uj  The  Millstone  Hill  model  j/S/,  Table  1)  for  FlO.7  —  120  units,  A  =  10. 

,  t>;  The  St.  Santin  model  (/6/,  Table  l)  which  is  applicable  for  Kp-2,  t  t  Ap  — 7,  and  which  was  evaluated 
lor  F 10  7-  1 2U  iniiis. 

x;  An  Arecibo  model  based  on  observations  for  1970-1073,  i.e.  from  solar  maximum  to  solar  minimum, 
which  could  be  taken  to  represent  mean  solar  conditions 

Individual  temperature  profiles  that  were  utilized  were  from  rocket  launching*  extending  over  a  wide  range 
«•!  \ ears  and  solar  conditions.  These  values  were  processed  without  making  any  correction  to  mean  solar 
conditions  to  individual  profiles  on  the  assumption  that  this  dependence  would  average  out  u.  the  overall 


The  monthly  tabulations  of  observed  temperature  differences  have  been  prepared  from  the  above  sources  of 
oau  at  cadi  3  km  height  interval  from  71)  to  130  km  and  each  Id*'  latitude  interval  from  pole  to  pole.  In  the 
..licence  of  data,  values  an*  used  from  the  MS1S-&3  model  which  extends  down  to  63  kin.  Wry  little  southern 
].«  misphcre  data  are  available  but  if  an  observed  temperature  ddtereiice  were  available  at  a  N.  latitude  for 
'In-  same  season  it  would  be  taken  to  apply  at  the  same  b  latitude  m  the  absence  of  any  data  there. 

As  a  consequence  of  the  polynomial  fitting  procedure,  each  monthly  temperature  cross-section  has  an  an- 
a:\t.cal  representation  anti  mean  zonal  temperature  may  be  readily  calculated  fur  any  height  and  latitude, 
ai.d  also  fur  any  date  by  interpolating  between  consecutive  months. 

COMPARISONS  BETWEEN  MODELS  AND  DATA 


A I  Low  Liiitudea 

Above  100  km  the  main  sources  of  data  are  (1)  the  incoherent  scatter  measurements  over  Arecibo,  Puerto 
If. ci,  (IvN,  67* W)  and  (2)  the  Kwajalein  (9°N,  168wfC)  Reference  Atmospheres,  1979  / 7/  which  are  based 
on  rocket  data.  The  open  and  filled- in  circles  in  Fig.  1  show  April  data  from  these  sources  when  corrected 
to  1U  X  latitude  The  point  of  interest  is  that  the  profile  satisfactorily  fits  the  data  while  simultaneously 
satisfying  the  N 2- pressure  constraint.  The  same  can  also  be  said  of  the  data  below  100  km,  most  of  which 
are  single  temperature  profiles.  Differences  between  temperature  data  and  the  calculated  profiles  have  been 
a.  i-rugcd  over  11  months  at  5  kin  height  intervals  as  shown  in  Fig.  1.  (Symbols  may  be  plotted  just  above  or 
1m  |uw  the  height  to  which  they  refer  for  reasons  of  clarity).  On  averaging  these  means  with  weights  according 
lu  tin*  number  of  observations  on  which  they  are  based  the  line  profile  shown  m  Fig.  1  is  obtained  for  their 
weighted  average,  which  does  not  generally  differ  significantly  from  zero.  This  leads  to  the  conclusion  that 
in,-  introduction  of  the  N2-pressure  constraint  has  not  biased  the  fit  to  the  temperature  data,  or  in  other 
v*ord->  that  the  upper  and  lower  models  can  be  matched  in  a  way  ihat  is  consistent  with  the  temperature 
data  m  the  intermediate  height  region 

A  comparison  is  alsu  made  m  Fig.  1  between  the  fitted  profile  and  MS1S-S3.  At  113-120  km,  the  profile 
gives  lower  temperatures  than  MS1S-83  m  all  months,  the  difference  being  greatest  in  April  and  reaching  >10 
K  as  shown  in  Fig  1  A  comparison  between  MS1S-83  and  observed  values  is  shown  in  Fig  2  and  MSIS-83 
«  \ i  t  eos  observed  Values  m  most  months,  whereas  the  new  profile  for  lies  much  closer  than  MSIS-83  to 
in,  Kwajalein  data  fur  all  montus  and  the  new  18“N  profile  lies  closer  to  the  Arecibo  data  than  MSIS-83 
o:.  average.  There  are  however  considerations  that  tell  against  the  ready  acceptance  of  the  new  profiles 
w  lii  fi  iks  MSl.v*j3  temperatures  'follow  the  sun’,  being  1  or  2K  higher  at  lb°N  than  at  9"N  in  summer  with 
Maail  equinox  maxima,  the  new  profiles  show  a  consistent  equatorwards  temperature  decrease  throughout 
the  >ear  that  averages  13K  between  18"N  and  9*  N  and  has  an  annual  variation  with  maxima  and  minima 
«'  cuitM-r utive  equinoxes  Without  any  clear  understanding  of  the  physical  origin  of  such  variations  at  low 
latitudes,  the  possibility  must  remain  open  that  the  differences  between  the  Kwajalein  and  Arecibo  data 
have  a  dependence  other  than  the  latitudinal  one  which  this  analysis  is  set  up  U>  model.  Consideration  u 
currently  being  given  to  the  best  way  to  utilize  the  data  from  these  two  low  latitude  sites. 
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Fig.  3.  January  and  July  70-130  kin  temperature  profiles  at  40“N  latitude.  Mean  deviation 
of  observations  from  calculated  profiles  for  winter  months  (DJF)  and  summer  months  (JJA)  at 
individual  middle  lacicude  sites. 
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Fig.  4.  The  same  as  Fig.  3  without  the  inclusion  of  Millstone  Hill  data. 
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At  Middle  Lttilodrt 

Fig.  3  is  for  AON  and  shows  both  January  and  July  profile*  and  mean  deviations  of  the  data  from  the 
model  for  each  site  averaged  over  winter  months  (DJF)  and  summer  months  (JJA).  The  main  result  to  be 
noted  is  that  for  both  seasons  (and  also  for  other  times  of  the  year),  observed  values  are  consistently  higher 
than  those  of  the  profiles  calculated.  This  bias  arises  from  the  imposed  N2-pressure  constraint,  the  fall  off 
in  pressure  between  the  70  km  value  of  the  lower  model  and  the  130  km  value  of  MSIS-83  being  greater 
than  that  implied  by  the  temperature  observations  at  the  intermediate  heights.  It  should  however  also  be 
noted  that  MSIS-83  values  between  105  and  125  km  are  even  lower  than  the  new  profiles  and  are  therefore 
still  lower  than  the  observed  values. 

Consideration  is  being  given  to  possible  revisions  in  the  modelling  technique  that  might  lead  to  a  reduction 
in  the  bias  that  is  apparent  at  all  heights  in  the  mean  deviations  (Fig.  3). 

One  possible  revision  would  be  to  exclude  the  Millstone  Hill  l.S.  data  as  these  values  are  noticeably  high. 
Fig.  4  shows  the  results  obtained  when  Fig.  3  is  reworked  without  the  Millstone  Hill  values;  and  it  is 
seen  that  although  the  biases  are  reduced  they  are  still  significant,  particularly  from  85  to  105  km,  and  the 
matter  warrants  futher  consideration. 


At  High  Latitudes 

Fig.  5  shows  the  January  and  July  profiles  determined  for  70"N  and  also  the  mean  deviations  of  the  data 
from  the  new  profiles  far  each  of  the  three  high  latitude  sites  averaged  over  winter  months  (DJF)  and 
summer  months  (JJA).  In  this  case  the  mean  deviations  do  not  show  any  consistent  bias,  but  no  definite 
conclusion  is  possible  with  the  limited  data  samples  available. 

It  is  of  interest  to  note  that  a  July  mesopause  is  obtained  at  88  km  with  a  temperature  of  155K  (Fig. 
5),  which  agrees  with  the  discussion  of  McKay  /&/  who  states:  ‘Moderately  low  mesopause  temperatures 
(150-I60K)  are  a  consistent  feature  at  60N  during  summer.  These  temperatures  are  the  result  of  adiabatic 
cooling  associated  with  rising  motions  in  the  general  circulation.  There  is  an  additional  cooling  effect  which 
can  occasionally  lower  the  mesopause  temperature  to  130-240K.  This  effect  persists  over  timescales  of  weeks 
and  during  this  time  NLC  will  be  seen'.  It  therefore  follows  that  if  observations  are  biased  to  the  time 
of  NLC,  the  lower  values  of  close  to  142K  which  are  shown  by  CIRA  1972  /4 /  and  Air  Force  Reference 
Atmospheres  /9/  are  more  representative  of  these  times  of  additional  cooling,  whereas  the  present  profiles 
which  match  upper  and  lower  models  represent  mesopause  conditions  without  the  addtional  cooling. 

TEMTERATURE  VARIABILITY 

In  addition  to  the  mean  deviations  of  observed  temperatures  from  the  calculated  profiles  that  have  been 
shown  in  Figs.  1,3,4  and  5,  the  RMS  deviations  from  these  means  have  been  calculated  with  averaging  over 
all  months  and  those  are  shown  in  Fig.  6  for  low,  middle  and  high  latitude  grouping  of  sites.  Fig.  6  shows 
that  at  all  latitudes  the  RMS  deviations  increase  with  height  except  possible  at  100-105  km  at  middle  and 
high  latitudes  where  values  may  decrease  slightly  before  increasing  again  more  rapidly  up  to  130  km.  At 
low  latitudes  data  are  lacking  above  95  km  but  there  is  an  indication  that  a  more  rapid  increase  begins  at 
85  km.  A  likely  origin  of  these  variations  is  the  upward  propagation  of  tides  and  gravity  waves.  Theoretical 
tidal  amplitudes  ( / 10/ ,  Fig.  14  and  / 1 1  /,  Fig.  11)  indicate  that  the  increase  above  85  km  at  low  latitudes 
might  be  associated  with  the  diurnal  tide,  that  above  105  km  at  middle  latitudes  with  the  sime-diurnal  tide 
plus  a  possihle  smaller  contribution  from  the  diurnal  tide  and  that  above  105  km  at  high  latitudes  with  the 
semi-diurnal  tide  alone.  At  lower  heights,  the  variations  are  likely  to  arise  from  a  spectrum  of  gravity  waves 
and  the  slow  rate  of  increase  of  amlitude  with  height  would  be  indicative  of  wave  breaking  with  the  possible 
extinction  of  most  of  the  energy  of  these  waves  at  100-105  km.  In  this  ‘gravity  wave'  region  RMS  values 
increase  noticeably  from  low  o  high  latitudes.  At  80  km,  for  example,  RMS  values  are  8,  12  and  16  K  for 
the  low,  middle  and  high  latitude  data. 

DENSITIES  AND  PRESSURES 

At  the  present  stage  of  this  work,  profiles  have  been  constructed  for  temperatures  and  partial  Na  pressures. 
The  calculation  of  the  latter  is  based  on  the  equation  of  state  and  the  barometric  law  and  accoount  is  taken 
of  the  transition  from  a  mixing  region  at  70  km  to  diffusive  conditions  at  130  km  using  the  relations  from 
MSIS-83.  The  effect  of  this  transition  in  the  case  of  N2  is  particularly  small  as  its  molecular  weight  of  28 
lies  very  close  to  that  of  air  in  the  mixing  region  (28.96). 
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Attention  has  yet  to  be  given  to  the  vertical  distribution  of  other  gas  constituents  and  to  the  possiblity  of 
making  these  continuous  with  the  upper  and  lower  models  at  130  and  70  km  respectively.  The  final  step  to 
the  modelling  of  total  densities  and  pressures  would  then  be  a  relatively  simple  one. 

It  may  be  recorded  that  mean  pressure  distributions  have  now  been  extended  upwards  to  the  0.00S  mb  (83 
km)  and  0.001  mb  (91  km)  levels  by  Koshelkov  / 1 2/  and  are  in  the  height  range  of  interest. 

DISCUSSION 

A  theoretical  and  numerical  anlysis  is  being  developed  for  modelling  atmospheric  structure  between  70 
and  130  km  for  mean  solar  conditions.  Monthly  profiles  have  been  analytically  generated  for  all  latitudes 
and  heights  from  70  to  130  km  in  temperature  and  partial  Nj  pressure  which  have  a  smooth  transition  to 
MS1S-S3  at  130  km  and  an  18-80  km  model  at  70  km.  Attention  will  be  given  to  the  modelling  of  other 
gas  constituents  and  to  the  possibility  of  combining  the  three  models  for  the  height  regions  18-70,  70-130 
and  above  130  km  to  provide  an  analytical  model  for  all  heights  above  18  km.  Treatment  of  the  70-130 
km  region  is  however  limited  by  available  data  and  there  are  important  variations  that  have  yet  to  be 
considered.  These  are  with  (i)  solar  activity,  (ii)  longitude,  (iii)  time  of  day  and  (iv)  seasonal  asymmetry 
between  N.  and  S.  hemispheres.  Although  the  present  analysis  extends  over  both  hemispheres,  the  small 
seasonal  asymmetry  generated  via  the  upper  and  lower  matching  models  at  70  and  130  km  lacks  direct 
observational  support  on  account  of  the  lack  of  S.  hemisphere  data. 
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ABSTRACT 

A  substantial  quantity  of  wind  data  have  been  assembled  from  radar  systems  since  CIRA-72  was 
formed:  most  of  these  radars  include  height  ranging,  and  operate  on  a  regular  and  even  con¬ 
tinuous  basis.  Systems  include  meteor  and  MF  (.medium  frequency)  Radars:  an  MST  (mesosphere- 
stratosphere-troposphere)  Radar  (meteor  mode);  and  an  LF  (low  frequency)  drift  system.  Lat¬ 
itudes  represented  are  near  20°  N/S,  35°  N/S,  45°  N/S,  50°N,  65°  N/S.  In  all  cases  tidal 
oscillations  were  calculated  so  that  corrected  mean  winds  (zonal,  meridional)  are  available  - 
the  meridional  was  not  included  in  CIRA-72.  Means  for  groups  of  years  near  1980  are  avail¬ 
able,  as  welt  as  individual  recent  years  (1983,  1984)  to  allow  assessment  of  secular  trends: 
revised  and  improved  analysis  has  been  completed  for  several  stations. 

Height-time  cross-sections  have  been  formed  for  each  observatory:  heights  are  typically  *75- 
110  km,  wich  time  resolution  of  7-30  days.  Such  detailed  cross-sections  were  almost  unknown 
before  1972.  Comparisons  with  CIRA-72  are  shown,  and  these  emphasize  the  differences  between 
hemispheres  (NH,  SH)  in  the  radar  winds.  Other  new  winds  from  rockets  and  satellite  radi¬ 
ances  are  contrasted  with  the  radar  set.  There  are  important  differences  with  the  satellite- 
derived  geostrophic  winds  (1973-78):  possible  explanations  involve  secular  trends,  longitud¬ 
inal  variations,  and  ageostrophy. 

INTRODUCTION 

The  number  of  radars  providing  winds  in  the  upper  middle  atmosphere  has  increased  signifi¬ 
cantly  in  the  last  decade.  Depending  on  the  technique,  these  systems  fill  the  data  gap  be¬ 
tween  60  km  or  80  km  and  -110  km.  Below  60/80  km  small  rockets  have  provided  wind  data 
directly  III ,  and  since  -1973  satellite  radiance  measurements  have  been  made,  enabling  geo¬ 
strophic  winds  to  be  calculated  I'll.  Above  110  km  larger  rockets  and  incoherent-scatter 
radars  provide  temperatures  and  winds.  The  radars  include  MF  radars  or  partial  reflection 
systems  giving  data  from  60/70-100/110  km;  and  meteor  radars  (and  MST  radars  operating  as 
meteor  radars)  80-110  km.  We  show  or  discuss  here  data  from  14  locations,  which  represent  a 
good  Northern  Hemispheric  (N.H.)  North  American  chain  (18-65°N,  -90°W) ,  an  Oceanian  chain 
(78°S-35°N,  -140°E)  which  is  mainly  in  the  southern  hemisphere  (S.H.),  and  some  Western  Euro¬ 
pean  data  (44-68°N,  -0°E) :  data  are  still  being  obtained  at  9  of  these  locations,  including 
two  new  Antarctic  stations.  The  methods  of  data  analyses  are  discussed  in  detail  elsewhere 
/ 3 , 4 ,5, 6, 7,8,9, 10/.  Cenerally  tidal  oscillations  have  been  removed  from  days  or  groups  of 
days,  and  the  remaining  mean  winds  and  longer  period  oscillations  plotted  as  height-time  con¬ 
tours.  Time  resolution  varies  from  10-15  days  to  seasonal. 

In  earlier  papers  involving  this  global  radar  set  /ll ,12/  composite  cross-sections  from  the 
years  1978-1982  were  formed  so  that  only  the  major  temporal  features  remained.  However,  here 
more  recent  individual  years  are  also  shown,  in  several  cases  using  refined  analysis.  This 
is  to  demonstrate  the  reliability  of  our  earlier  conclusions  /11.12/,  and  illustrate  inter¬ 
annual  variability.  The  wind  contours  from  MF  radars  are  compared  with  satellite-derived 
geostrophic  wind  contours,  because  of  the  considerable  overlap  (10-20  km)  between  the  two 
types  of  data.  Latitudinal  cross-sections  for  two  solstitial  months  are  then  shown  that  en¬ 
able  comparisons  between  zonal  winds  frou.  CIRA-72,  the  radars  and  satellite-derived  geostro¬ 
phic  winds;  and  also  meridional  winds  from  a  compilation  of  C.V.  Croves  / 1 3 /  and  the  radar 
set.  Tabulations  of  monthly  mean  values  for  most  stations  appear  elsewhere  /!2/.  The  sign 
convention  is  as  follows:  for  the  zonal  winds,  positive  winds  are  from  the  west  (west  or 
westerly  winds,  called  by  some  "eastward")  and  negative  winds  are  from  the  east  (easterly 
winds,  or  "westward").  For  the  roeridiona’  inds,  positive  winds  are  from  the  south  (south  or 
southerly  winds),  and  negative  winds  are  nu.th  or  northerly  winds.  It  is  also  convenient  to 
describe  these  latter  as  poleward  or  equatorward  winds.  The  figures  are  consistent  for  the 
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Fig.  3  Poker  Flat,  1980-84,  63°N,  147°W:  30J  means, 
most  part,  but  any  differences  are  mentioned  in  the  captions. 

GENERAL  MIDDLE-,  HIGH- LATITUDE  (35-65°)  CHARACTERISTICS 

The  main  features  of  tonal  (EU)  and  meridional  (NS)  flows  are  evident  in  the  4  year  compila¬ 
tion  (  1979-82)  for  Saskatoon  C52°N,  Figure  I):  rocket  tiara  from  Primrose  Lake  (54°)  Have  been 
added.  Time  resolution  is  10  days  and  30  days  respectively  /14 /.  The  summer-centred  months 
are  dominated  by  a  strong,  smoothly  contoured  easterly  flow  from  20-90  km.  The  50n  contour 
from  CIRA-72  / 1 5 /  is  very  similar,  although  its  easterly  maximum  and  tero  line  are  -5  km 
lower;  and  its  westerly  flow  near  100  km  is  stronger  due  to  tidal  contamination  /lb/.  [Hiring 
winter-centred  months  the  westerly  flow  is  weaker  than  CIRA,  and  there  is  much  more  structur¬ 
ed,  repeatable  variability,  due  to  planetary  waves,  stratospheric  warmings  (STRATWARMU)  / H / , 
and  long  period  (12-,  6-mth)  oscillations  / 1 4 , 16/.  CIKA-72  winds  were  almost  discontinuous 
at  60  km,  due  to  STRATWARMS  in  different  years  in  each  set  of  data,  and  winds  above  60  km  in 
February  were  quite  unrealistic.  The  summer  meridional  winds  (Fig.  1)  demonstrate  poleward 
flow  20-80  km  and  above  95  km,  with  equatorward  flow  between:  this  latter  has  been  identified 
at  all  longitudes  near  50/60°N  /1H/,  at  lower  latitudes,  and  both  hemispheres  /12,15/.  For 
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December-Murch  there  is  poleward  flow  from  -50-85  km,  with  reverse  flow  above  and  below.  The 
contours  of  Croves  / 1 5 /  differs  significantly,  as  they  are  dominated  by  a  larger  and  strong¬ 
er  (-25  m/s)  summer-centred  equatorward  flow.  This  difference  will  be  discussed  in  more  de¬ 
tail  later,  when  all  stations  are  discussed.  To  demonstrate  the  small  interannual  variabil¬ 
ity,  and  tor  comparison  with  ocher  new  contours,  Saskatoon  radar  winds  tor  1984  are  also 
si. own  in  figure  2  /19,20/. 

A  long  series  of  FW/NS  contours  from  Poker  Flat  (85°N)  are  shown  in  Figure  3:  these  are  from 
an  MST  radar  (meteor  detection  mode),  /&/ .  Only  contours  for  1980-1982  data  were  shown  be¬ 
fore  /11,21/.  The  zonal  features  are  similar  each  year  to  Saskatoon,  but  the  strengths  of 
solstitial  cells  near  80  km  are  about  half  as  large.  The  summer  zero  line  is  also  near  90 
km.  There  is  much  more  variability  in  the  NS  flow,  but  95  km  summer  flow  is  always  strongest 
and  equatorward;  below  it  is  usually  poleward  -  Very  similar  to  Saskatoon. 

An  important  re-analysis  of  meteor  winds  from  Durham  (43°N)  has  been  completed  (Figure  4), 
which  allows  KU  wind  shears  and  reversals  to  be  accurately  represented  (earlier  a  linear  wind 
variation  was  assumed  / 1 1 / ) .  Data  from  1978/79/84  are  included.  The  summer  shears  from  80- 
90  km  are  now  higher  (20  m/s )  than  earlier  (10  ms”l),  and  more  comparable  to  those  at  Saska¬ 
toon  (50  ms-))  and  Poker  Flat  (35  me-)).  The  Durham  zonal  wind  reversal  height  is  now  at  78 
km.  Overall  the  contours  are  more  realistic,  and  now  quite  similar  to  the  French  data  from 
Uurchy  / 1 1 / ,  which  also  had  a  large  easterly  spring  tongue  and  a  low  reversal  height  (-82 
km).  There  is  much  less  difference  in  the  new  NS  con. our,  and  as  before,  the  summer  flow  is 
equatorward  but  not  strong  or  focussed  in  a  cell. 

A  new  analysis  has  also  been  completed  for  Kyoto  (35°N) ;  contours  for  1983-1985  are  shown  in 
Figure  5.  The  analysis  is  now  quite  similar  to  that  used  by  MF  radars,  witli  harmonics  being 
fitted  to  time  series  of  hourly  mean  winds  at  each  heighc.  The  changes  are  actually  small, 
most  obviously  the  summer  westerly  flow  is  stronger  than  before  / 1 1 / .  Comparisons  between 
die  new  Kyoto  MST  radar,  the  Kyoto  meteor  radar  and  the  Adelaide  MF  radar  (35°S)  are  pro¬ 
ceeding.  At  this  point  however,  it  appears  chut  Che  summer  easterly  flow  reversal  occurs 
below  82  km  (Figure  5),  by  extrapolation  near  80  km;  in  contrast  Adelaide's  is  near  85  km  and 
the  flow  is  more  mid-latitude  in  form  /11,15,21/.  Near  35°N,  Atlanta  / 1 1 /  and  Kyoto  may  both 
show  negacive  easterly  flow  in  fall  and  early  winter,  with  strong  westerly  flow  in  late 
summer  -  features  quite  similar  to  C1KA-72  ac  20°  / 1 1 / .  Stratwarm  effects  are  evident  at 
both  locations  /6/.  Meridional  flow  at  Kyoco  (Figure  5)  is  mainly  equatorward,  with  maxima 
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Fig.  5  Kyoto,  1983-85,  35°N,  136°E;  periods  <25d  removed. 
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in  summer  centred  near  92  km:  quite  similar  to  Atlanta  and  other  northern  hemisphere 
stat ions . 

Finally,  new  data  from  Kurschner  and  Schminder  for  central  Europe  (52°N)  are  shown.  The  new 
method  involves  Che  use  of  modulation  on  low  frequency  radio  signals  to  obtain  height  from 
the  LF  drift  method  1221.  Contours  for  two  years,  85-110  km,  are  in  Figure  6,  and  should  be 
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compared  with  Saskatoon  (52°N)  (Figures  1,2).  Similarities  dominate:  the  summer  westerlies 
above  -90  kra,  winter  westerlies;  and  easterly  flows  in  fall  (September-November)  and  the 
spring.  The  latter,  however,  demonstrates  the  largest  differences:  the  tongue  is  wider  both 
years,  including  June  in  1983,  and  February  and  March  in  1984,  The  meridional  flow  is  very 
similar  in  positions  and  strengths.  Longitudinal  differences  appear  quite  small  on  the  basis 
of  this  comparison. 


1979  *  1982 
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COMPARISONS  BETWEEN  ME  RADARS  AND  SATELLITE  DATA 

In  Figures  7-9  we  show  zonal  wind  contours  from  Saskatoon  (S2°S;  1979-1982),  Christchurch 
(94°S,  1978-1980),  and  Adelaide  (35°S,  1978-1983)  each  compared  with  satellite-derived  geo- 
strophic  winds  / 2 / .  Wind  shears  (75-80  km)  and  heights  of  summer  maxima  are  compared  in  Fig 
ure  10.  In  chese  figures  individual  locations  are  being  compared  with  zonal  means;  however 
the  amplitudes  of  standing  waves  60-80  km  are  quite  small,  especially  in  summer  III ,  so  chis 
should  not  be  an  important  factor  /23/.  At  Saskatoon,  the  geostrophic  summer  cell  is  5  km 
lower  in  altitude,  while  winter  values  are  similar;  shears  are  similar  (Figure  10).  However 
the  years  do  not  completely  overlap,  and  while  no  obvious  trend  is  evident  at  Saskatoon  1978 
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Fig.  8  Christchurch  (1978-80,  49°S,  I73°E)  and  geostrophic  (satellite)  winds. 
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Fig.  9  Adelaide  (1978-83,  35°S,  138°E)  and  geostrophic  (satellite)  winds. 
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1984  (/1 4/,  Figure  2)  significantly  weaker  flow 

.  -L- _ j  _  _  «nic  .  ,  ••  *  j  _  Zone*  Wind  Shear  f~75*80km) 

was  observed  near  1975  /24/  using  a  limited  data  ti of= - - - - ~ - 

sample.  At  Christchurch  (Figure  B)  the  geo-  Z  December  ,c  * 

•trophic  summer  cell  is  at  a  similar  height,  but  7 

slightly  weaker,  and  the  shear  (75-80  km)  is  E  I  T"l7  A  S|T*T 

ouch  weaker;  winter  i ?  similar  in  general  T  7  * 

strengths,  but  ag a;.:  the  geostrophic  wind  £  7 _ ^ _ ,  ,  , _ j 

(based  on  months)  lacks  planetary  wave  or  even  -  -  */**  o*  ss*s  4«*s 

annual/serai-annual  influences  / 1 5 /.  The  slope  2  -  •  *  *C  | 

of  the  zero  line  is  quite  different  in  fall  and  Jo  I  Summer  *  w<«*er  i 

spring,  and  the  radar  winds  show  much  greater  Z  ' 

wind  shear,  especially  in  the  latter  half  of  I  .««■«  c....,.,.,. 

February.  These  results  are  consistent  with  ,l0  r - 1 - i— - ! - 

stronger  latitudinal  temperature  gradients.  H..„M  of  Modern  Summ.r  Dnuri,  W.nfl 

Averaging  intervals  partially  overlap.  Finally 
at  Adelaide  (Figures  9,10),  with  some  averaging  J 

interval  overlap,  the  agreement  quite  good,  *  -«o-»a»s  _  F|^ 

although  the  height  of  the  radar  summer  maximum  ’70-  -4i^aa  -*o«*j*  *5"Aa  j 

cannot  be  seen.  However  Adelaide  contours  for  "E  | 

1973-77  ,  / 2  1  / .  based  upon  a  more  limited  data  *  5,*/l*  j 

sample  from  Meteor  and  MF  radars  (80-100  km),  - ' 

indicate  secular  trends,  and  markedly  poorer 

agreement  with  the  geostrophic  winds  (1973-78)  Fig.  10  Radar  and  geostrophic  wind 
e.g.  the  summer  80  km  radar  values  were  near  0  comparisons. 
ms”I  and  not  *30  ms~i.  Thus  putting  aside 

temporarily  the  possibility  of  ageostrophy,  there  is  some  evidence  at  Saskatoon  and  Adelaide 
for  secular  trends,  so  that  identifying  years  for  contours  may  be  important . 


HtigM  of  Moiwnum  Summir  Unier iy  Wing 


Fig.  10  Radar  and  geostrophic  wind 
comparisons . 
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Fig.  11  Radar,  CIRA-72,  satellite  zonal  wind  Fig.  12  Radar,  ClRA-72 ,  satellite  zonal 
comparisons:  December.  wind  comparisons;  July. 
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I:i^  comparison  between  CIRA-72,  the  radar  winds  and  satellite  geostrophic  winds  is  well  ill¬ 
ustrated  in  height-latitude  cross-sections  (Figures  11,12);  and  we  show  here  December  (an 
early  solstice  mouth.  clear  ot  N.H.  bt ratosphe ric  warmings,  buc  early  summer  in  the  S.H.)  and 
July,  tor  -*0°W  in  the  N.H.,  and  "i40°E  in  the  S.H.  However  Kyoto  C 1 3 1> ^ IS >  has  also  been  in¬ 
cluded  with  N.H.  data.  From  CIRAa'72,  July  (June  15  -  July  15)  and  January  (December  15  * 
January  IM  arc  shown.  The  time 

rates  or  change  are  quite  small  in  -  ,  ....  _  4rt_u  . 

b  M  RAOAR  ~ Saltllit*  Comparison  (80  km) 

mi J- season ,  so  that  conclusions  to . . . . . . . . . 

,  ,  ,  .  .  Summer -Nri  June  *.Mei-Sn 

drawn  here  are  usually  typical  ot  40  _  t#  *•** 

the  entire  solstitial  seasons.  — ** 

e»i  1  i y  the  ieru  contours,  and  max-  JO—  T/  *•'» 

it.um  u.1  Cells  arc  shown  tor  CIKA-  Ql 1 J 1 i.ariLl t I  i  I f 1 1  i 

72.  All  data  arc-  updated  since  .  *°  ?0  “  10  0  «“»«»>-  '* 

l'.'bb  / 12/.  The  lack  ot  hemi-  'a  ~20  —  a.,  ^  ^  j 

spnenc  symmetry  is  immediately  £.-«  - 

oUviowjs  1 1  oil)  the  r  odar  winds:  the  ****  n.™  3,«>  1*73-70 

—  o  ■-  -  —  •  - - —  .  - - -  — .  —  —  , 

winters  are  most  alike  and  even  £  Winter -n«  OtctmPtr  Summer  *$n 

then  tiie  N.H.  zero  line  is  *5  km  *  *o  — 
higher  (.allowing  tor  the  compari-  ^  40  _ 
son  between  early  winter  (DeCear* 

Mr))  and  mid-winter  (July),  re-  i  JO  —  ifc 

Meeting  smaller  poleward  tetnp-  0 - 1 - 1 — j _ i - LLgfl  _ 1,1  ..  I _ I _ J _ i  J?  1 _ l _ I _ i  I _ 
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c future  gradients  there.  Com-  ’♦  * 

paring  with  CIRA-72,  two  other  |  ‘ 

points  emerge:  the  upper  zero  -40  —  ** cr>-r^  "* 

lines  were  not  available  tor  that  I _ _ _____ _ _ ___ 

mode  1 ;  and  there  is  an  easterly 

tropical  cell  above  #7  km  which  Fig.  13  Radar  and  geostrophic  80  km  wind  comparisons: 
is  not  evident  at  our  four  low  other  stations,  K,  Kiruna;  M,  Monpjzicr;  PKt  Puerto  Rico; 

latitude  stations.  For  the  T,  Townsville  / 21/. 

summers ,  these  stations  again  do 

not  have  the  easterly  flow  above  87  km,  which  is  shown  in  CIRA.  The  other  main  summer  diff¬ 
erences  between  the  S.H.  and  N.H,  at  these  longitudes,  are  due  to  the  consistent  westerly 
Mow  at  and  above  80  km  revealed  at  Durham  (43°N) ,  Atlanta  (34°N)  and  Kyoto  (3S°N) ,  and  the 
higher  reversal  heights  in  Oceania.  Note  that  in  the  N.H.  near  90°W,  the  systematic  reduct¬ 
ion  in  the  height  of  the  zero  line  with  decreasing  latitude  (b5-35°N)  is  now  quite  similar 
to  that  shown  by  C1RA-72.  Over  France  / 1 1 , 12/  the  zero  line  varied  from  *83  km  (Carchy, 

^7UN,  1970-7b)  to  -87  km  (Monpazier,  44°N,  1975-80)  indicating  some  possible  secular  and 
longitudinal  variations.  These  values  and  differences  between  the  stations  are  confirmed  by 
recent  analysis. 

Winds  from  the  Antarctic  summer  mesosphere  (Mawson,  68°S;  Scott  Base,  78°S;  MF  radars)  /25, 
2o,15/  and  for  the  winter  (Mawson)  have  recently  become  available,  and  Mawson  values  have 
been  added  to  Figures  11,12.  These  summer  data  and  other  S.H.  MF  rad^r  data  were  compared 

elsewhere  with  CIRA-72  and  a  new  S.H,  model 

relationship  of  radar  wihos  (v#  )  amo  force*  (M*4)  by  Koshelkov  based  on  rocket  data  /26, 15,27/. 

»•  wm>  *v*  «. a* From  Figure  11,  and  considering  Scott  Base 

- - - — - - (78°S)  and  Poker  Flat  (b5°N,  Figure  12)  also, 

P  CIRA-72  had  the  high  latitude  summer  maximum 

p  and  zero  lines  as  much  as  20  km  too  low. 

- ^ - <p  Koshelkov's  model  is  in  better  agreement, 

^  ^ a m* showing  the  upward  tilt  with  increasing  lati- 

rj  V|*M>«r‘  tude  of  the  easterly  peak  and  the  zero  line, 

• - - - \ - *  ‘  l0* — - but  they  are  -10  km  lower  in  height  than 

|N  I vc  radar  winds  from  20-78°S.  There  are  also  im- 

>  £.  f\  •  portant  differences  between  Koshelkov's  model 

- - <p  and  the  radar  winds  in  winter  at  medium  lati- 

•  tudes  /15 /.  An  updated  model  due  to  Koshel- 

^ov  |)fls  recently  been  produced  and  compares 

Fie.  14  Saskatoon  radar  and  sarollita  wind  with  cUe  raddr  “inds  “°re  satisfactorily. 


Fig.  13  Radar  and  gaostropliic  80  km  wind  comparisons: 

other  stations,  K,  Kiruna;  M,  Monpjrier;  PR,  Puerto  Rico; 
T,  Townsville  / 21/. 
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Fig.  14  Saskatoon  radar  and  satellite  wind 

comparisons  / 2 3 / ;  Vu,  radar  wind.  Forces:  „  .  ,  .... 

Fp,  pressure  term  balancing  coriolis  torque  Nov  ““Partng  with  the  geostrophic  winds, 
on  geostrophic  wind  (VG);  Fc.  due  to  cori-  °Vf^P  °CCurS  at  80  ““  for  M“eor  radar!i- 

olis  torque  on  VR;  Ff>  friction  component.  and  6°-80.k“  for  radars.  b.H.  values  are 

1  quite  similar  for  both  seasons  although  there 

are  some  differences  at  Townsville  (20°S),  and  much  stronger  geostrophic  winds  at  68°S  in 
winter.  For  the  N.H.  there  are  also  significant  differences,  e.g.  in  winter  there  is  a  geo¬ 
strophic  wind  maximum  near  35°  which  is  not  seen  at  all  by  the  radara;  and  in  summer  the 
geostrophic  wind  is  easterly  at  all  latitudes,  whereas  westerly  flow  is  seen  at  3  radar 
stations  (34-43°N)  having  substantial  data.  This  comparison  is  summarized  in  Figure  13  for 
80  km  data,  where  European  data  have  been  added.  In  the  S.H.  agreement  is  quite  good  for 
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recent  raJar  data  apart  from  the  20°,  68°  differences  just  mentioned;  but  an  earlier  more 
United  data  sample  which  overlaps  better  in  time  (Adelaide  -1975),  does  not  agree  well.  For 
the  S.H.  most  radar  stations  have  smaller  westerly  values  l~50!t)  in  winter  (Saskatoon  show¬ 
ing  a  c rend  (1975-lSblD,  while  in  summer  stations  equatorward  of  50°  have  much  lower  easter¬ 
ly  values,  which  may  even  become  westerly. 

There  are  many  possible  reasons  for  the  differences  between  the  measured  and  geostrophic 
winds:  a)  There  is  some  evidence  for  secular  trends  in  the  winds,  so  that  intervals  involved 
should  always  he  stated.  Unfortunately  increasing  the  overlap  does  not  always  help  the  com¬ 
parison.  b)  There  is  evidence  tor  some  longitudinal  differences  (above,  and  12/).  However, 
these  are  small  and  suggest  that  comparisons  such  as  Figures  11/12  probably  indicate  real 
Jifterences.  c)  There  may  be  height  and  temperature  errors  or  biases  in  the  satellite  data. 
<U  The  winds  from  oQ-80  km  may  be  significantly  ageos t rophic . 

The  last  possibility  has  been  discussed  in  detail  recently  /2  8 / ,  and  significant  a  geos t re pi  iy 
was  K,u:'.J  up  to  nO  km.  Studies  of  mean  winds,  KW  and  NS,  and  gravity  wave  (GW)  intensities 
j.-.J  fluxes  .it  Saskatoon  /  29/  and  Adelaide  /  30  /  have  shown  that  there  is  significant  GW  mo  men - 
t-aa  deposition  in  the  region  60-90  km.  At  Saskatoon  near  90  km  in  summer  (Figure  1,2)  this 
acceleration  balances  the  Coriolis  torque  on  the  NS  flow  (-100  ms"i  per  day).  Near  80  km  the 
acc e  feral  ion  in  summer  is  small  or  ins  tgnif  icant ,  while  in  winter  quite  large  acreler.it  ions 
occur  2  ro;n  70-90  km  (50-100  per  day).  Recent  comparisons  of  satellite  geostrophic  and 

radar  winds,  both  at  Saskatoon  (1978-1982),  have  confirmed  this  }2  )/,  and  also  shown  that 
standing  planetary  waves  lead  to  considerable  ageostrophy  in  falL  and  winter.  The  "friction" 
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Wind  Comparisons:  December.  wind  comparisons  ;  July. 

term  due  to  GW  interactions  effectively  turns  the  wind  vector  into  the  low  or  out  of  the 
high  pressure  region  just  as  in  the  troposphere  near  the  ground  (Fig.  14),  and  reduces  the 
zonal  component  of  the  wind  when  compared  to  the  geostropic  value.  The  heights  at  which 
this  ageostrophy  occurs  will  vary  with  latitude,  depending  on  GW  characteristics  and  mean 
winds  0-bO  km.  This  effect  could  explain  some  of  the  differences  seen  in  Tigs.  7-13,  e.g. 
the  large  winter  geostrophic  winds  at  80  km.  Possible  errors  in  the  calculated  geostrophic 
wind  are  evident  from  a  perusal  of  an  analysis  by  Croves  / 3 1 / .  Using  alternate  tropospheric 
dita  and  methods  based  on  rocket  calibrations,  Groves  produced  values  which  differed  from 
Barnett  and  Corney  / 2 /  by  S-60Z  from  76-80  km. 

finally  we  show  meridional  he ight- lat itude  cross- sect  ions  (Figures  13,16)  as  for  the  tonal 
wind,  but  compare  here  with  Croves’  data  /Id/.  For  July,  the  general  agreement  is  quite 
good,  apart  for  the  fact  already  noted,  i.e.  the  N.H.  summer  equatorward  flow  is  weaker  and 
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a*urc  restricted  in  height  than  Croves .  December's  patterns  illustrate  sonic  hernia  pher  ic 
asymmetry,  although  the  S.H.  summer  flow  is  again  more  restricted  than  Craves.  The  contours 
or  the  N.H.  winter  flow  are  quite  different  from  Craves,  although  overall  there  is  consider-* 
able  poleward  flow  within  the  mesosphere. 

CONCLUSION 

Winds  from  the  Clobal  Radar  Network  for  recent  years  have  confirmed  the  basic  climatological 
patterns  shown  in  earlier  radar  studies.  In  addition  the  winds  reveal  some  secular  trends 
over  the  last  decade,  as  well  as  small  longitudinal  variations  and  hemispheric  asymmetries. 
Comparisons  between  radar  winds  and  satellite-derived  geostrophic  winds  reveal  substantial 
similarities.  However  significant  differences  do  exist  near  80  km,  especially  during  the  NH 
winter,  and  in  the  Nil  summer  equatorward  of  50°N.  In  the  Sll  differences  exist  near  20°,  and 
at  high  latitudes  (o8°)  especially  in  winter.  Possible  causes  include  errors  or  uncertain¬ 
ties  in  the  analysis  of  radiance  data,  winter  planetary  wave  activity  and  ageosirophy  due  to 
planetary  and  gravity  waves.  This  latter  was  demonstrated  by  a  particular  study  at 
Saskatoon . 
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ABSTRACT 

During  the  HAP  period,  the  Kyoto  meteor  radar  has  almost  continuously  monitored  the  wind 
fields  in  the  80-110  km  altitudes.  Wind  oscillations  with  various  periods  ranging  from  2  to 
20  days  are  detected.  The  period  of  the  quasi  2-day  wave  in  1983  was  2.2  days  in  Bummer 
months  but  became  as  short  as  about  2,0  days  in  autumn.  Antisymmetry  in  phase  profiles  is 
detected  by  comparing  the  behavior  of  the  quasi  2-day  wave  simultaneously  observed  at 
Adelaide  and  Kyoto. 

RESULTS 

Using  60  days  of  data,  we  have  determined  an  autocorrelation  function  with  a  maximum  time  lag 
of  30  days.  By  shifting  periods  of  the  analyses,  a  moving  spectrum  of  eastward  wind 
oscillations  with  periods  longer  than  1  day  is  calculated  as  shown  in  Fig.  1.  An  oscillation 
with  a  period  of  1.4  days  Is  regularity  recognized  in  summer  months  such  as  In  July-September 
1983,  June-July  1984,  and  June-Auguat  1985.  The  quasi  2-day  wave  is  dominant  in  summer  in 
1983  and  1984.  Its  amplitude  in  1985  Is  smaller  than  In  the  preceding  two  years.  In  1983 
and  1984,  the  periods  of  the  quasi  2-day  oscillation  are  longer  than  2  days  in  summer  and 
tend  to  become  shorter  than  2  days  in  September.  Oscillations  with  periods  of  about  3  days 
are  enhanced  in  August-September ,  1983  and  April-August,  1984,  and  their  periods  tend  to 
increase  in  autumn.  In  1985,  an  oscillation  with  a  period  of  4  days  is  recognized,  and  it 
seems  to  split  into  two  oscillations  with  different  periods.  Longer  period  oscillations  with 
periods  ranging  from  6  to  8  days  do  not  seem  to  have  regular  seasonal  variations. 
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Fig.  1.  A  moving  power  spectrum  of  the  eastward  wind  component  observed  in 
1983-1985  by  the  Kyoto  meteor  radar.  Each  spectrum  is  determined  by 
calculating  an  autocorrelation  function  with  a  maximum  time  lag  of  30 
days. 


The  quasi  2-day  oscillation  has  been  extensively  studied  both  experimentally  / 1 , 2/ ,  and 
theoretically  /3,4/,  The  wave  becomes  dominant  in  summer  months  /5 /,  and  has  various  periods 
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such  as  51  hrs  /3/  or  48  hrs  /6/.  Fig.  1  suggests  that  the  period  of  the  quasi  2-day  wave 
ranges  2. 1-2.5  days  in  sunnier,  and  becooes  as  snail  as  2  days  in  other  seasons,  although 
there  is  relatively  large  year-by-year  variation. 


Fig.  2  shows  the  frequency  spectra  determined  every  15  days  using  60  days  of  data  observed  in 
1983.  The  frequency  resolution  of  this  analysis  is  0.017  day  ,  corresponding  to  1.6  hrs  at 
around  2-day  period.  The  wave  period  was  52  hrs  in  June-August,  then  rapidly  changed  to  47.6 
hrs  in  September.  This  change  in  the  period  of  the  quasi  2-day  oscillation  might  be 
attributed  to  variation  of  the  background  condition. 
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Fig.  2.  Power  spectra  of  the  eastward  component  of  the  quasi  2-day  save. 
Each  spectrum  is  calculated  every  15  days  by  using  60  days  of  data. 


The  quasi  2-day  oscillation  has  been  theoretically  explained  by  assuming  a  fundamental  Rossby 
mode  with  a  zonal  wavenumber  of  three,  and  determined  its  period  as  53  hrs  (2.25  days)  /3/. 
Another  theoretical  study  has  shown  that  a  Jet  stream  in  the  lower  atmosphere  can  excite  the 
quasi  2-day  wave  /4/.  By  assuming  either  mechanism,  the  wave  period  is  affected  by  variation 
of  the  background  atmosphere.  Therefore,  the  observed  evidence  of  the  change  of  the  periods 
in  summer  and  autumn  is  not  inconsistent  with  the  models,  but  is  interesting  in  clarifying 
the  behavior  of  free  oscillations. 


Because  the  quasi  2-day  oscillation  becomes  dominant  in  summer  in  each  hemisphere, 
simultaneous  observations  of  the  wave  in  both  hemispheres  are  rare.  Simultaneous 
observations  of  the  quasi  2-day  wave  at  Scheffleld  (53°N)  and  Townsville  (19“S)  in  August, 
1980  have  been  reported  /7/,  although  the  enhancement  of  the  wave  was  not  detected  at 
Adelaide  (35*S).  This  phenomenon  has  been  explained  as  leakage  of  the  Intense  quasi  2-day 
wave  excited  in  the  northern  hemisphere  into  the  southern  hemisphere  /7/ . 


Fig.  3  shows  height  profiles  of  amplitudes  and  phases  observed  in  the  period  of  January  18- 
31,  1984,  when  large  amplitudes  of  the  quasi  2-day  wave  were  observed  at  Adelaide  /8/.  The 
amplitude  and  phase  are  determined  at  each  altitude  by  using  a  least  squares  fitting  of 
sinusoidal  curves  with  a  period  of  48  hrs.  The  aaplitudes  observed  at  Kyoto  are  roughly  1/4 
of  those  at  Adelaide.  Although  the  amplitude  of  the  zonal  component  detected  at  Adelaide  is 
larger  than  the  meridional  one  by  a  factor  of  two,  there  is  not  a  large  difference  in 
amplitudes  at  Kyoto.  Phase  profiles  agree  well  between  the  Adelaide  and  Kyoto  results, 
although  the  zonal  and  meridional  ones  are  out  of  phase  and  in  phase,  respectively, 
suggesting  dominance  of  an  antisymmetric  mode. 
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Fig.  3.  Amplitude  and  phase  profiles  of  an  oscillation  with  a  period  of  48 
hrs  observed  by  the  Kyoto  meteor  radar  on  January  18-31,  1984. 
Simultaneous  observations  at  Adelaide  are  also  shown  (from  /8/). 
Phase  values  of  0°  and  180°  correspond  to  0  LT  on  even  and  odd  days 
in  January,  respectively. 
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Fig.  4.  Wind  profiles  in  daytime  observed  on  (a)  August  14,  1984,  and  (b) 
August  15,  1984,  respectively.  Thin  and  thick  curves  correspond  to 
the  MU  radar  measurements  using  turbulent  scattering  and  meteor 
echoes.  Square  symbols  correspond  to  the  Kyoto  meteor  radar 
observations. 
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Fig.  4  shows  daytime  neon  wind  profiles  observed  on  two  successive  days  In  August,  1964  /9/. 
The  meridional  winds  have  opposite  directions,  and  the  zonal  ones  show  large  difference 
between  the  two  days.  Fig.  5  shows  time  variation  of  the  zonal  wind  component  after 
filtering  shorter  variations  than  32  hrs  at  several  altitudes  observed  by  the  Kyoto  meteor 
radar.  The  quasi  2-day  oscillation  was  dominant  in  the  middle  of  August.  Comparison  of  wind 
profiles  In  Fig.  4  is  accidentally  done  on  two  periods  corresponding  to  the  minimum  und 
maximum  of  the  oscillation,  which  gives  a  large  difference  in  mean  wind  profiles.  It  is 
suggested  that  the  wind  fields  in  the  upper  mesosphere  and  lower  thermosphere  ere  affected  by 
the  long  period  oscillations  which  have  neither  definite  oscillation  periods  like  tides  nor  a 
regular  seasonal  variation.  Therefore,  it  seems  inappropriate  to  determine  the  mean  wind 
profiles  using  less  frequent  sounding  of  the  wind  fields. 
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Fig.  5.  Eastward  wind  velocities  observed  in  August  1984  by  the  Kyoto  meteor 
radar  after  filtering  out  short  period  components  less  than  32  hrs. 
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ABSTRACT 

The  zonal  mean  model  of  zonal  and  meridional  wind  for  the  Northern  and  Sou¬ 
thern  Hemisphere  based  the  analysis  of  meteor  radar  wind  and  partial  reflec¬ 
tion  drift  data  for  the  70-110-km  height  interval  is  constructed. 

The  height-latitudinal  cross-sections  of  vertical  wind  are  calculated  from 
data  on  the  latitudinal  structure  of  a  meridional  wind  field  using  the  con¬ 
tinuity  equation.  The  temperature  field  cross-sections  from  the  zonal  v/ind 
model  using  the  thermal  wind  equation  are  derived. 

For  some  three  decades  ground-based  techniques:  meteor-,  partial  reflection-* 
and,  more  recently  M5T-radars  have  produced  a  considerable  body  of  experi¬ 
mental  data  on  the  atmospheric  parameters  (wind  data  especially)  at  70- 
110-km.  These  data  ultimately  provide  the  basis  for  the  development  of  more 
detailed  global  wind  and  temperature  model  than  previous  models  like  CIRA- 
72  and  others. 

We  have  tried  to  construct  a  revised  version  of  a  zonal  circulation  model 
at  upper  mesosphere-lower  thermosphere  heights  using  data  measured  at  twen¬ 
ty  seven  meteor  radar  stations  and  at  six  station  which  carry  out  measure¬ 
ments  by  the  partial  reflection  method.  General  list  of  references  can  be 
found  in  /I, 2/. 

The  two-dimensional  zonally  averaged  wind  mode)  includes  height-latitude 
cross-sections  of  the  wind  field  for  all  seasons  of  the  year  and  covers 
practically  all  latitudes  of  the  Northern  and  Southern  Hemispheres.  The 
method  of  constructing  these  models  is  described  in  /I/.  The  cross-sections 
are  shown  in  Fig.1.  When  analysing  these  we  can  deduce  that  for  different 
seasons  there  are  characteristic  global  circulation  structures.  The  des¬ 
cription  of  thoir  main  features  are  available  from  /I/. 

The  height-latitude  cross-sections  of  the  zonal  wind  field  permit  the  con¬ 
struction  of  the  detailed  height-latitude  cross-section  of  temperature 
fields  using  thermal  wind  equation.  Pig. 2  present  the  temprerature  cross- 
sections  calculated  for  some  months  of  the  year. 

Assuming  that  the  meridional  wind  field  is  formed  due  to  processes  provi¬ 
ding  vortical  momentum  transfer,  the  eddy  meridional  wind  field  is  proposed 
to  bo  parametrized  in  the  following  way 

u.“  '  $f)(2ncose)  ’  +  kt  f  (i) 

where  u,  is  the  coefficient  of  the  vertical  macroturbulent  momentum  exchan¬ 
ge;  kz  is  depend  on  height,  latitude  and  time  (i.e.  the  month  of  the  year) 
and  kt  is  a  parameter  depending  on  height  and  time. 
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Pig.  1.  The  helgit-latitude  structure  of  the  zonal  wind  field  (m  s”1 ) 
a)  December,  b)  February,  c)  March,  d)  April,  e)  June,  f)  August, 
g)  September,  h)  October  (positive  values  are  westerly  wind). 
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Fig.  2.  The  height-latitude  structure  of  the  temperature  field, 
a)  January,  b)  March,  c)  July,  d)  October. 
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When  choosing  the  form  of  kz  and  k*  we  used  the  meridional  wind  obtained 
for  many  years  by  the  meteor  radar  and  partial  reflection  methods  at  the 
following  sites  of  the  Northern  and  Southern  Hemispheres :  Holes  Island 
(80.5°N),  Obninsk  (55°H),  Saskatoon  (52°N),  Poker  Plat  (65°N),  Durham 
(43°N),  Christchurch  (44°S),  Atlanta  (34°N),  Kyoto  (35°N),  Adelaide  (35°S), 
Townsville  (20°S),  Mogadishu  (2°N)  and  Molodezhnaya  station  (67°S).  kz  and 
k*  have  maximum  values  at  95-100-km.  kz  maximises  in  middle  latitudes  and 
decreases  toward  the  poles  and  the  equator  with  the  kz  values  twice  as 
large  in  summer  as  winter.  As  far  as  the  seasonal  variations  of  kz  are  con¬ 
cerned  in  the  periods  of  stable  circulation  (winter,  summer)  kz  is  approxi¬ 
mately  twice  as  large  as  it  is  in  the  reconstruction  periods.  With  allo¬ 
wance  for  there  estimates  kz  and  kt  proposed  to  be  parametrized  in  the 
following  way 


kz(t,z,0)  => 

kfnO.t )  - 

*«,(*>  “ 
(Z,t  )  *• 


km(e.t)expl-a,(z  -z^r)’) 
km(e,t)cxp[-a1(z-zmfl;c)1] 

1/2  km<(tj(1  -  CO340) 

1/2  kmj(t)(l  -  COS40) 


at  Z  i  Zmax  (m*s-ij 
at  2  «  2mox 
at  0°  <  0  i  90°, 
at  90°<  8  <  180°,  (2) 


b,(C,  (t-7)  +  CL,  +  cos(§(t-  1)) -10  3  , 
b2(c2(t-7)  C0S(f(t-l)j  -10  3  , 
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Pig.  3.  The  height-latitude  structure  of  the  meridional  wind  field 
(m  s'*  ).  a)  December,  b)  February,  c)  March,  d)  April,  e)  June, 
f)  August,  g)  September,  h)  October  (positive  values  are  southerly 
wind) . 
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Where  t  la  the  month  order  number  (January  -  t«1,  February  -  t-2  etc.); 
zmax  the  height  of  the  marl mum  valuee  of  k2  and  k  +  .  . 

Out  model  used  the  following  coefficient  valuee:  a(  ■0.2  10  a2  >0.01  10  , 
b1  *1.1 ,  b»  >1.0,  c,  ■-0.02,  c2  •0.03»  di  >2.5,  d2  —2.4,  fg  -8  at 
0°<  8  <  90°,  to  -15  at  90°  <  8  <  180°,  f<  -0.04  at  z  >  zm0I,  f,  -0.003  at 
z  i  z^ax,  zmoi>*98  km. 

In  equation  (l)  the  flrat  term  on  the  righthandalde  aeema  to  describe  the 
contribution  of  large-acale  inhomogeneties  connected  with  baroclinic  insta¬ 
bility  in  the  ageoatrophic  meridional  wind.  The  second  term  parametrizes 
the  contribution  of  smale-acale  turbulence  caused  by  destruction  of  internal 
gravity  waves  in  the  region  where  their  saturation  is  observed. 

Using  the  above  parametrizationa  we  calculated  ageo3trophic  meridional  wind 
fields.  For  the  equatorial  (15°N-15°S)  latitude  region  the  equation  (1)  is 
not  true,  therefore  to  estimate  the  meridional  wind  velocities  in  this  re¬ 
gion  we  used  polynomial  interpolation.  Fig.  3  shows  the  height-latitude 
cross-section  of  the  ageoatrophic  meridional  wind  field  for  some  months  of 
the  year  obtained  by  the  above  method. 

The  values  of  the  vertical  wind  velocity  component  w0  were  estimated  from 
the  calculated  results  of  a  meridional  wind  using  the  atandart  numerical 
integration  of  the  continuity  equation.  Calculated  results  for  the  vertical 
wind  field  w0  are  given  in  Fig.  4.  As  seen  from  the  figure,  in  the  meteor 
zone  there  are  large-scale  structures  of  ascending  and  descending  flows 
which  can  significantly  influence  the  temperature  structure  of  the  mesopause- 
lower  thermosphere.  The  zones  of  ascending  and  descending  wind,  alternating 
in  latitude,  are  indicative  of  global  circulation  cells  in  the  considered 
height  region. 
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Fig.  4.  The  height-latitude  structure  of  the  vertical  wind  field 
(cm  s*i).  a)  January,  b)  March,  c)  July,  d)  October. 
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ABSTRACT 

planetary  and  gravity  waves  contribute  significantly  to  the  variability  of  atmospheric 
parameters  in  the  middle  atmosphere.  In  the  mesosphere  and  lower  thermosphere  the  wave 
fluctuations  are  sufficiently  large  to  often  mask  the  prevailing  or  mean  state  of  the 
atmosphere.  This  review  summarizes  current  knowledge  about  the  motion,  temperature  and 
density  fields  associated  with  both  large  and  small  scale  waves  and  stresses  improved 
understanding  that  has  come  from  recent  ground  based,  rocket  and  satellite  Investigations. 

INTRODUCTION 

Rocket,  ground  based  and  theoretical  studies  of  the  mesosphere  and  lower  thermosphere  show 
that  waves  play  an  important  role  in  the  dynamics  of  the  mesosphere  and  lower 
thermosphere.  It  is  now  believed  that  the  level  of  gravity  wave  activity  in  particular 
determines  the  mean  state  of  the  mesosphere.  The  waves  manifest  themselves  in  wind, 
temperature,  density,  pressure,  ionization  and  airglow  fluctuations  in  the  80  -  120  km 
height  range  and  the  amplitudes  are  so  large  that  they  can  dominate  at  these  altitudes  so 
that  the  basic  state  can  be  extracted  only  after  considerable  averaging.  Rockets  have 
enabled  the  density  and  temperature  structure  to  be  measured  with  excellent  height 
resolution,  while  long  term  studies  of  wind  motions  using  MST,  partial  reflection  and  meteor 
radars  and,  more  recently,  Ildar  investigations  of  temperature  and  density,  have  enabled  the 
temporal  behaviour  of  the  waves  to  be  better  understood. 

To  illustrate  the  spectral  range  of  motions  evident  near  the  aesopause  Fig.  1  shows  a 
composite  of  power  spectra  of  wind  motions  measured  at  widely  separated  locations  and 
illustrates  how  wave  energy  is  distributed  as  a  function  of  frequency.  The  spectra  show 
three  distinct  parts,  viz.  li)  a  long  period  section  corresponding  to  periods  longer  than  24 
hr,  and  associated  with  planetary  scale  waves,  (ii)  a  section  between  peaks  associated  with 
the  semidiurnal  and  diurnal  tides  and  (ill)  a  section  at  periods  less  than  12  hr  where  the 
spectral  density  decreases  monotonically  (except  for  the  8  hr  tidal  peak). 

The  purpose  of  this  paper  is  to  summarise  the  salient  features  of  wave  activity  in  the 
mesosphere  and  lower  thermosphere,  with  particular  emphasis  on  wave  amplitudes  and  spatial 
scales  and  where  possible  to  provide  information  on  the  seasonal  and  latitudinal  variations 
in  these  quantities. 

PLANETAR!  HAVES 

Tropospherically  forced  planetary  waves  are  confined  primarily  to  the  winter  hemisphere. 
Satellite  observations  show  that  the  waves  reach  their  maximum  amplitudes  at  or  just  above 
the  stratopause,  with  maximum  temperature  fluctuations  of  the  order  of  6  K  reached  at 
latitudes  near  60*  /47/.  Radar  observations  at  Adelaide  give  maximum  wind  variations  of 
about  25-30  ms”1  in  mid  to  late  winter  at  heights  near  65-70  km.  The  amplitudes  decay  to  15 
ms”1  above  80  km.  Amplitudes  nay  be  larger  in  the  northern  hemisphere.  Under  favourable 
conditions  in  the  northern  hemisphere,  planetary  waves  with  periods  between  5  and  30  days 
have  been  observed  to  penetrate  up  to  heights  near  110  km,  producing  oscillations  with 
vertical  amplitudes  of  between  2  and  10  km  /42,43,44/.  In  summer, forced  planetary  waves  are 
excluded  from  the  upper  atmosphere  by  the  stratospheric  easterlies  but  it  is  possible  for 
planetary  scale  transient  motions  associated  with  normal  modes  or  with  baroclinic 
instabilities  of  the  stratospheric  jets,  to  be  observed  in  the  mesosphere.  The  narrow 
spectral  peak  located  near  48  hr  in  the  Adelaide  data  in  Fig.  1  is  a  manifestation  of  the 
quasi  2-day  wave,  which  is  one  of  a  series  of  travelling  global  scale  waves  which  have  been 
discovered  by  long-term  wind  measurements  made  by  ground  based  radars.  Spectral  analyses  of 
long  data  seta  suggest  that  the  transient  wave  energy  tends  to  maximize  in  local  summer 
/3 ,5/.  A  range  of  wave  periods  has  been  identified,  but  the  most  commonly  reported  periods 
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Fig.  1.  Power  spectre  of  t he  meridional  and  zonal  wind  components  observed  at 
Poker  Flat  (65*  N) , Adelaide  (35*S,  138*E)  and  Townsville  (l9*S,  147*E>.  The 
poker  Flat  data  are  is  after  Carter  and  Balsley  /I/. 

fall  into  three  well  defined  intervals  which  are,  10  -  20  days,  4  to  7  days  and  1.9  to 
2.2  days.  These  are  often  referred  to  ss  the  "16-day",  *5-day*  and  *2-day*  oscillations 
respectively,  although  precise  determination  of  the  periods  involved  is  often  not 
possible.  Comparative  studies  made  at  different  longitudes  indicate  the  waves  are 
westward  travelling,  with  the  best  determinations  of  wavenumber  being  made  for  the  2- 
and  5-  day  waves.  The  inadequate  length  of  many  data  sets  have  necessarily  restricted 
studies  of  the  "16-day*  wave  although,  as  continuous  radar  observations  become 
available,  this  situation  will  improve.  Table  1  summarizes  some  of  the  features  of 
those  waves  which  have  been  extensively  reported  but  it  should  be  noted  that  waves  of 
other  periods  (e.g.  1.6  to  1.7  days)  have  been  reported  /IS, 16/. 


table  l  Characteristics  of  Transient  Planetary  Waves 


Period  (days) 

Amplitude  {«8“‘  ) 

Vertical 
Wavelength  (km) 

Zonal 

Wavenumber 

10-20 

5-10 

>  100 

1  (7) 

4-  7 

5-30 

25  to  >  100 

1 

1  ,9-2. 2 

10-50 

50  to  >100 

3 

It  is  usually  assumed  that  these  transient  oscillations  are  caused  by  Rossby-gravity 
normal  modes  generated  in  the  lower  atmosphere.  These  modes  are  evanescent  in  the 
vertical  except  in  height  regions  with  westward  winds  (easterlies)  and  equatorward 
temperature  gradients  when  the  waves  can  be  locally  propogating.  Salby  /19/  has 
recently  reviewed  the  characteristics  of  normal  nodes. 

Each  mode  has  a  well  defined  structure  with  respect  to  latitude  and  longtitude  but,  in 
practice,  it  has  not  always  been  possible  to  make  a  positive  identification  from 
observations  in  the  80  -  120  km  region  because  of  inadequate  geographic  coverage. 

However,  an  association  has  been  reported  between  a  6-day  wind  oscillations  in  the 
mesosphere  and  a  westward  travelling  wavenunbar-one  wave  in  the  stratosphere  /B/. 
Satellite  radiance  studies  show  evidence  for  both  5-day  and  2-day  waves  with  temperature 
amplitudes  tending  to  maximize  in  the  lower  mesosphere  /17,18/  with  values  of  about  0.5- 
0.8  K. 


The  most  extensively  studied  oscillation  is  the  '2  day'  wave  and  the  seasonal  and 
spatial  behaviour  is  now  well  established.  The  wave  is  usually  observed  in  the  summer 
hemisphere  reaching  maximum  amplitudes  at  about  90  km  in  July/August  in  the  northern 
hemisphere  /ll, 12/  and  in  January  in  the  southern  hemisphere  /9/.  Both  radar  wind 
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QUASI  2-DAY  WAVE  AMPLITUDE  /  m»-« 

IN  LOCAL  SUMMER  AT  «S  km 

56*N  Obninsk  43*N  Ourhom  19*S  Townsville 

53'N  Shtffi.ld  ISh)  34  N  Allonto  IA1  35*S  Ad.lo.o. 

52*N  Sotkotoon  (Sol  34|N  Kyolo  IKI  43’S  Chrillehurch 

47*N  Gorthy  2*N  Mojadishu  67*4  MolodHhnoyo 

4S*N  Budrlo 


N  50  60  40  20  0  20  40  60  50  S 

LATITUDE 

Fig.  2.  Amplitudes  of  2  day-wave  as  a  function  latitude,  (after  /5/). 


measurements  and  satellite  observations  show  that  the  wave  amplitudes  are  maximum  in  the 
southern  hemisphere  /5,12/*  This  is  illustrated  in  Fig.  2  which  shows  the  mean 
meridional  and  zonal  wind  amplitudes  plotted  as  a  funcion  of  latitude;  it  is  evident 
that  the  maximum  response  is  in  the  meridional  component  at  southern  low-to-tnid- 
latitudes.  The  wave  amplitudes  can  be  so  large  (50  as*1)  that  the  wave  appears  to  be 
non-linear  /48/.  A  hemispheric  difference  in  wave  period  has  also  been  noted,  /5/  with 
northern  hemisphere  observations  giving  periods  near  51  hr  /II, 13/  while  periods  nearer 
48  hr  are  reported  for  the  southern  hemisphere  /9,10/. 

GRAVITY  WAVES 

wave  Amplitudes  Figure  1  shows  that  at  a  given  location,  the  gravity  wave  amplitudes 
have  about  the  sane  magnitude  in  both  the  zonal  (uM  and  meridional  (v‘ )  wind  components 
although  some  anistotropy  has  been  observed  at  Adelaide  /49/  with  V  greater  than  u’  by 
abo^it  2J%.  2  The  spectra  show  that  the  energy  density  (proportional  to 

V*  *  u'  ♦  v*  )  follows  a  power  relationship  f"*  as  a  function  of  frequency,  f.  The 
exponent  k,  lies  in  the  range  1.5  to  2.0  /1, 2/  but  may  change  with  latitude  and  season 
/20/.  Averaged  over  the  period  range  between  1 ^  hr  and  the  Vaisala-Brunt  period  (about 
5  min)  the  rms  amplitudes  are  about  15-20  os"  in  each  component  /2/  although  if  the 
spectrum  is  assumed  to  extend  out  to  the  inertial  frequency  ( the^  theoretical  lowest 
frequency  for  gravity  waves)  then  the  rms  amplitudes  are  about  25  ms"  . 

Vertical  velocity  motions  are  not  as  easy  to  measure  as  the  horizontal  components  but 
measurements  made  over  a  range  of  latitudes  with  vertically  pointing  narrow  beam  radars 
give  rms  amplitudes  of  the  order  1-2  ms  /5,20,22/.  Vertical  oscillations  near  the 
buoyancy  frequency  are  particularly  evident  (periods  *-5-15  min). 

Temperature  and  density  fluctuations  induced  by  gravity  waves  have  been  extensively 
studied  by  rockets  /23,26,27/  and  recently  by  Ildars  /28/.  Figure  3  shows  vertical 
profiles  of  temperature  and  density.  Amplitudes  are  of  the  order  of  0.05  to  0.1  in 
fractional  density,  values  which  are  consistent  with  those  inferred  from  the  gravity 
wave  motions  /2/.  The  figure  indicates  the  very  wide  range  of  temperature  variations 
which  can  be  observed  at  high  latitudes  with  the  greatest  wave  activity  occurring  in 
winter  /45/  with  amplitudes  as  large  as  30  K»  at  mid-la ti tude9  the  temperature 
fluctuations  are  about  10  K. 

Seasonal  and  geographical  variations  in  wave  activity  are  not  well  known  in  the  80-120 
km  height  region  buc  what  observations  are  available  Indicate  an  annual  variation  In 
temperature  fluctuations  at  high  latitudes  (Pig.  3),  with  maximum  amplitudes  occurring 
in  winter,  and  a  smaller  variation  at  mid-to-low  latitudes  with  a  semi-annual  variation 
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occur ing  in  the  tropica  /5, 6, 20, 23, 24/.  Ttiesa  observe tiona  ere  in  general  accord  with 
studies  of  wave  activity  in  the  stratosphere  /25/. 
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Fig.  3.  Rocket  measurements  of  temperature  in  Summer  (a)  at  Barrow,  Alaska  (71“n) 
after  /45/,  and  (b)  Winter  at  Kiruna  (68*N)  after  /26/.  (c)  Vertical  profile  of 
neutral  density  fluctuations  /26/. 

Recent  radar  wind  measurements  at  a  few  sites  are  producing  a  better  understanding  of 
the  variability  of  mesospheric  wave  activity.  At  Saskatoon  and  Adelaide,  clear  minima 
in  wave  intensities  are  found  at  times  around  the  Spring  and  Fall  reversals  in  tonal 
wind  direction,  as  shown  in  Fig.  4. 
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Fig.  4.  Mean  square  zonal  amplitudes  of  gravity  waves  with  periods,  less  than  I 
hr  observed  at  Saskatoon  /Si/  and  (b)  total  mean  square  amplitudes  of  gravity 
waves  in  the  1-8  hr  period  range  measured  at  Adelaide  /49/.  The  shading 
indicates  regions  of  westward  (easterly)  winds. 

It  is  emphasised  that  the  amplitudes  quoted  above  are  long  term  averages.  On  a  time 
scale  of  a  few  hours  or  so  there  can  be  quite  significant  changes  in  wave  amplitude  in 
the  mesosphere  /26,29/. 

Wavelengths  and  phase  Velocities,  The  profiles  shown  in  Fig.  3  indicate  that  the 
vertical  wavelengths  (lz)  of  gravity  waves  in  the  mesosphere  are  greater  than  a  few 
km,  philbrick  / 2 7 /  using  rocket  techniques  found  that  the  minimum  vertical  scale 
increases  from  about  1.5  km  near  60  km  to  about  3  km  near  100  km  despite  the  fact  that 

scales  smaller  than  0.5  km  could  be  resolved.  This  Increase  in  the  minimum  vertical 

wavelength  is  also  ilustrated  in  Fig.  5a,  where  values  scaled  from  rocket  vapour  trails 
and  temperature  probes  are  plotted  as  *  function  of  heights  the  change  in  1  with  height 
is  ascribed  to  eddy  and  molecular  damping  effects  /30/.  Typical  values  for  X2  range 

from  about  3  km  to  about  40  km  in  the  80  -  1 20  ka  region;  mean  values  are  about  10  to  1 2 

km  /2 , 4 , 26/ . 

There  are  relatively  few  direct  meaaureaente  of  the  horizontal  wavelength#  U|,l  and 
phase  velocity  (c).  What  Information  is  available  comes  from  photographs  of  noctilucent 
clouds  and  air-glow  emissions  /31-34/.  Indirect  estimates  have  also  been  made  with 
radars  /2, 21 , 29 , 35, 36/.  Figure  5b  ie  a  composite  of  wavelength  observations  measured  by 
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Fig.  5. (a)  Vertical  half  wavelengths  observed  in  small  scale  wind  fluctuations 

/30/.  (b)  A  plot  of  horizontal  wavelength  versus  period  50/. 


a  number  of  techniques,  summarized  by  Reid  /5/.  The  diagram  shows  a  systematic  increase 
in  the  mean  with  increasing  period.  The  inferred  phase  velocities  do  not  show  any 
significant  change  with  period  but  typically  lie  within  the  range  10-100  ms*  •  These 
results  should  be  treated  with  some  caution  for  at  least  two  reasons  :  (i)  for  the 

longer  periods  only  indirect  estimates  are  so  far  possible  and,  (ii)  most  values  of 
Xft  and  c  are  derived  from  observations  of  quasi -monochroma tic  wave  motions  which  may 
not  be  representative  of  the  mesospheric  wave-field  as  a  whole,  which  often  appears  to 
consist  of  a  random  superposition  of  waves. 


Finally,  it  is  important  to  note  that  it  is  the  phase  speed  of  the  waves  relative  to  the 
mean  flow  ( |c  -  u  |),  that  is  the  important  quantity  rather  than  he  velocity  relative  to 
the  ground,  c.  Estimates  of  this  instrinsic  phase  speed  can  be  made  by  using  the 
gravity  wave  dispersion  relation,  which  for  this  purpose,  can  be  approximated 
as:  Xz  *  2"  |  c  -  u  |/N  where  N  is  the  Vasiala-Brunt  frequency.  Since  X  typically 
lies  in  the  range  5-20  km  in  the  mesosphere,  this  means  that  |c  -  u  |  is  probably  in 
the  range  15  to  60  ms”1 


Energy  and  Momentum  Fluxes.  It  is  frequently  found  that  the  gravity  wave  amplitudes  do 
not  grow  sian^J lcantlv  with  height,  which  means  that  the  wave  kinetic  energy  density, 
given  by  p0  v  decreases  yith  increasing  height  /2, 6, 21 ,24,40,41/.  Here  po  is  the 
atmospheric  density  and  v  the  mean-square  perturbation  velocity.  The  energy  decay 
is  of  the  form  exp(-z/hQ)  where  the  height  scale  hQ,  is  typically  5  to  12  km  although 
there  may  be  some  seasonal  variation  /6/. 


The  energy-density  decay  with  height  is  usually  taken  to  Indicate  either  that  the  waves 
are  saturating  (breaking)  and/or  that  they  are  being  externally  damped  by  eddy  and 
molecular  processes.  Evidence  for  wave  breaking  may  be  seen  in  Fig.  3b  which  shows 
temperature  gradients  approaching  the  adiabatic  lapse  rate.  Whatever  the  situation,  the 
dissipating  waves  contribute  to  the  energy  and  momentum  budgets  of  the  upper 

atmosphere^  Estimates  of  the  energy  dissipation  rates  of  the  order  of  0.01 
to  0.2Wkg~  have  been  given  /2, 6, 40, 41/  but  more  knowledge  is  required  of  the  energy 
fluxes  into  the  mesosphere  and  lower  thermosphere  before  the  full  contribution  to  the 
enerqy  budget  can  be  established.  An  analyses  of  50-60  min  period  waves  observed  in 
noct^lucjnt  clouds  gave  fluxes  —  7.10  “  wm  /37/  and  an  estimate  of  about 

10*  vta*  was  derived  from  radar  measurements  averaged  over  all  seasons  and  wave  periods 

/V. 

Dissipating  and  saturating  gravity  waves  also  contribute  to  the  momentum  budget  of  the 
mesosphere.  Recent  theory  has  stresaed  the  role  that  gravity  waves  play  in  balancing 
the  Coriolis  torques  Induced  by  the  mean  meridional  circulation;  gravity  waves  are  now 
believed  to  drive  the  mesospheric  circulation.  The  theory  and  observational 
requirements  are  summarized  in  /38,39/.  Radar  techniques  have  been  developed  to  measure 
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cho  upward  flux  of  zonal  momentum  ( u ■  w ■  j  and  the  few  results  to  date  show  that  fluxes 
are  in  the  correct  sense  and  of  the  right  magnitude  (~  1-5  m  s-2  )  for  the  wave  'drag' 
to  act  in  the  Banner  suggested  by  theory  /29 , 35 , 39 ,51 , 52/ .  Observations  suggest  that 
quite  short  period  waves  (less  chan  1  hr)  carry  a  significant  fraction  of  the  energy  and 
the  Boaentua  fluxes  despite  the  fact  that,  as  Fig.  1.  shows,  it  is  long  period  waves 
which  have  the  largest  energy  densities  /2,39/.  To  date,  there  have  been  few  reported 
measurements  and  other  potentially  impotent  fluxes  such  as  u‘v'  but  observations  at 
Adelaide  give  Bagnitudes  of  up  to  50  m2  s*  /49/. 

DISCUSSION 


Considerably  more  observations  are  required  before  the  structure  and  the  roles  played  by 
atmospheric  waves  in  the  80-100  lea  region  can  be  fully  elucidated.  Further  information 
is  needed  before  the  nodal  structure  of  transient  planetary  waves  can  be  determined  and 
compared  with  theory.  Similarly,  more  information  is  required  about  internal  gravity 
waves  and  especially  about  the  zonal  components  of  wavelength  and  phase  velocity  and 
momentum  fluxes  /38/.  At  present  there  is  an  inadequate  geographical  coverage  with  most 
observations  coming  from  the  mid-to-high  latitudes  in  the  northern  hemisphere.  There  1b 
a  need  for  a  wider  coverage  in  the  southern  hemisphere  and  especially  in  equatorial 
regions  where  waves  may  play  a  very  important  role  in  determining  the  mean  state  of  the 
atmosphere. 
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TURBULENCE  IN  THE  REGION  80-120  km 

W.  K.  Hocking 

Department  of  Physics,  University  of  Adelaide,  Adelaide,  South  Australia  5000 


ABSTRACT 

measurements  of  turbulent  energy  dissipation  rates  and  eddy  diffusion  coefficients  have  been 
collated,  and  aean  height  profiles  of  fundaasntal  turbulence  parasieters  in  the  region  80-120 
ka  are  presented. 

INTRODUCTION 

It  is  generally  agreed  that  there  is  significant  turbulence  in  the  region  80-120  ka, 
although  there  is  still  soae  debate  as  to  its  teaporal  and  spatial  aorphology.  The  aain 
sources  of  turbulence  are  probably  gravity  waves  and  tides,  and  these  generate  turbulence  by 
processes  such  as  non-linear  breaking,  shear  instabilities,  convective  overturning  and 
critical-level  interactions  /I, 2, 3, 4,5/.  Measurements  of  turbulence  have  often  shown 

turbulence  to  appear  in  horizontal  laalnae  of  thicknesses  of  a  few  kiloaetras,  interspersed 
with  non- turbulent  regions  /6/,  and  it  appears  that  turbulence  is  both  spatially  and 
teaporally  intermittent.  Turbulence  appears  to  occur  in  patches  /7,8B/,  and  /B/  have 
presented  data  to  suggest  that  turbulence  occurs  between  30%  and  80%  of  the  tiae,  with  the 
lower  percentage  occurring  at  lower  heights.  Generally  though,  turbulence  is  iaportant  to 
an  upper  altitude  of  .  somewhere  between  95  and  no  ka  (the  exact  Halt  varies  with  tiae 
within  this  range),  whereupon  the  ataospheric  viscosity  becomes  so  large  that  it  quickly 
damps  any  tendency  for  turbulence  to  fora.  This  transition  region  is  called  the 

'turbopause*. 

Turbulence  Parameters 


Turbulence  affects  its  environment  in  two  main  waysi  it  aay  heat  the  fluid  in  which  it 
exists,  and  it  causes  diffusion  of  aoaentua,  heat,  and  matter.  Turbulence  occurs  on  s  wide 
range  of  scales,  but  in  this  work  aost  discussion  will  be  concentrated  on  saall  scale 
turbulencei  that  is,  scales  less  than  about  5  ka  in  size,  where  turbulence  is  at  least 
quasi-lsotroplc,  and  can  truly  be  called  three-diaensional  turbulence. 

energy  dissipation  A  general  feature  of  three-diaensional  turbulence  is  the  energy  transfer 
direction.  Soae  large-scale  feature  such  as  a  wind  shear  or  a  temperature  gradient  becomes 
unstable,  and  generates  saaller  scale  cyclic  motions.  These  new  notions  generate  smaller 
rotational  random  motions,  and  these  in  turn  cause  others.  Eventually  extremely  small 
scales  are  reached,  at  which  the  saall  scale  shears  are  so  large  that  aolecular  viscous 
forces  become  Important  and  energy  is  deposited  as  heat  into  the  atmosphere.  The  rate  at 

which  heat  is  deposited  per  unit  mass  will  be  donated  by  *c  *  here.  In  fact  energy  is  lost 

at  all  scales,  although  the  majority  of  the  heat  loss  does  occur  at  the  smallest  scales. 

Soae  energy  can  also  be  lost  at  larger  scales  by  the  weak  radiation  of  buoyancy  waves.  This 

process  will  not  be  paraaeterlsed  here,  but  it  is  iaportant  to  note  that  it  does  occur 
/9.10.11/. 


",  Turbulent  diffusion  Diffusion  occurs  in  both  leainar  and  turbulant  flows,  but  is  auch  more 

*»  rapid  in  the  latter,  in  laainar  flow,  the  rate  of  diffusion  of  aoeentta  is  represented  by 

the  viscosity  v,  and  the  rate  of  transfer  of  heat  by  the  thermal  diffusivlty  xt.  In  that 
case,  diffusion  occurs  due  to  randoa  aolecular  actions .  In  the  case  of  flow  Involving 
*  fluctuating  fluid  motiona,  the  aoaentua  and  continuity  equations  can  be  written  in  terns  of 

a  aean  and  f luctuatlng^^oaponants.  After  suitable  rearrangearant,  a  set  of  equations  which 

B  Involve  teras  like  u  w  occur,  «*tere  u'  represents  the  fluctuating  component  of  the  zonal 

wind,  w'  represents  the  fluctuating^  vertical  coaponent,  and  the  overbar  represents  a 
suitable  average  /1 2/.  The  term  u  w  represents  vertical  flux  of  horizontal  aoaentua,  and 
this  term  multiplied  by  the  density  p  represents  a  so  called  'Reynolds's  stress*.  In 
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molecular  flow,  the  kinematic  viscosity  is  defined  by  the  reletion  f  •  »p  v.(du/di)  where  ( 
is  •  dreg  force  per  unit  eree.  In  the  cese  of  flow  with  fluctuating  motions,  the  Reynold's 
stress  acts  like  the  viscous  drag,  and  a  'turbulent  coefficient  of  eddy  viscosity*  it 
defined  through  the  relation 

e.u**’  -  <1> 

by  analogy  with  the  definition  of  molecular  viscosity,  is  also  called  the  'turbulent 
momentum  diffusion  coefficient*.  likewise  the  analog  of  the  thermal  diffusivity,  <t,  is  the 
turbulent  heat  diffusion  coefficient,  K^  The  rate  of  diffusion  of  minor  (inert) 
constituents  is  also  controlled  by  Kt 


One  must  be  careful,  however,  not  to  carry  the  analogy  with  molecular  processes  too  far.  As 
an  example,  if  a  cloud  of  gas  is  released  in  air,  and  expands  by  molecular  diffusion,  then 
the  mean  square  radius  of  this  cloud  expands  according  to  a  law  of  the  type  r2  -  2vt,  where 
t  represents  time.  However,  this  is  not  true  for  turbulent  diffusion,  for  in  that  case  the 
cloud  expands  according  to  a  law  of  the  type  r^at  .  This  occurs  because  as  the  cloud 
expands,  large  scale  eddies  become  important  in  the  diffusion  process  /I 3/. 


The  ratio  of  the  molecular  viscosity  to  the  thermal  diffusivity,  v/rt,  is  called  the  prandtl 
number,  and  for  air  is  about  0.7.  Similarly,  a  'turbulent  Prandtl  number*,  P^.  -  is 

defined  for  turbulent  processes,  and  often  it  is  assumed  that  the  value  of  this  turbulent 
prandtl  number  is  also  0.7,  although  this  is  not  always  justified.  por  example,  /9/  has 
made  rocket  measurements  which  suggest  that  Pr  may  have  a  numerical  value  of  2  or  3. 
Recently,  physical  reasons  have  been  advanced  to  explain  why  Pr  might  be  quite  large  when 
considered  over  long  tine  scales  /94/.  Often,  Kt  and  K^  are  treated  as  a  similar 
parameter,  usually  denoted  by  K,  despite  the  fact  that  *z  *  1.  and  given  the  accuracy  with 
which  these  parameters  have  been  measured  in  the  mesosphere,  this  has  not  been  entirely 
unreasonable.  Recently  demands  for  greater  accuracy  in  the  measurements  of  K^  and  have 
arisen,  and  the  need  to  consider  these  parameters  as  distinct  parameters  My  be  more 
important  in  the  future.  ■* 

There  is  an  assymmetry  in  the  rate  of  diffusion  as  a  function  of  the  direction  being 
considered.  The  vertical  diffusion  coefficient,  which  parameterizes  the  vertical  diffusion 
rate,  is  often  denoted  by  to  distinguish  it  from  the  horizontal  diffusion 
coefficients,  ku  and  Kyy .  In  Wit  of  this  paper,  the  effects  of  turbulence  at  scales  less 
than  about  5  km  (small  scale)  will  be  examined.  At  such  scales,  the  rate  of  diffusion  is 
approximately  independent  of  direction)  the  rates  of  diffusion  in  the  vertical  and 
horizontal  are  at  leeat  similar  to  within  a  factor  of  2  or  3.  The  eddy  diffusion 
coefficients  obtained  at  these  scales  are  also  appropriate  for  calculation  of  vsrticsl 
diffusion  rates  at  larger  scales,  sines  buoyancy  effects  limit  the  vertical  extent  of 
eddies,  and  moat  of  the  energy  of  turbulence  occurs  in  addias  with  vsrticsl  scalss  lass  than 
about  5  km.  Horizontal  diffusion  rates,  howevar,  can  become  quite  large  at  larger  scales. 
Some  very  preliminary  estimates  of  horlsontal  diffusion  coefflcisnts  hsvs  been  made  by 
/14/.  AS  mentioned  earlier,  in  this  work  it  is  primarily  tha  vertical  and  small  scale 
diffusion  coefficients  which  are  of  interest. 


There  is  one  more  analogy  with  molecular  procassas  of  note.  For  the  molecular  case,  the 
viscosity  end  thermal  diffusivity  are  proportional  to  the  product  of  the  molecular  maan  free 
path  and  the  mean  molecular  speed .  It  Is  usual  to  also  regard  and  Kt  as  a  product  of  a 
typical  ecale  end  typical  velocity,  and  for  approximate  calculations  it  is  common  to  write 


Km,t  ~  LB-  WL  (2) 

where  ia  a  'typical*  scale,  and  v^  ia  the  eddy  velocity  associated  with  this  scale.  Nora 
will  be  said  of  these  'typical*  scales  later. 

Finally,  although  equation  (1)  represents  perhaps  the  bast  formal  definition  of  K,  other 
less  formal  formulae  ere  often  used  in  practice.  For  exaaple,  equations  lika  (2)  are  often 
applied  in  experimental  situations,  whilst  in  numerical  modelling  *K*  is  often  a  term 
introduced  to  simply  close  the  equations  (s.g.  /95/).  Some  of  the  various  estimates  of  K 
have  been  compered  by  /46/. 

kolmogoroff  Theory 


Many  of  the  meaaurementa  of  K  and  t  presented  in  this  paper  imr*  deduced  under  the 
assumption  that  tha  turbulence  being  observed  obeyed  the  ciesaical  Kolmogoroff  theory  of 
lnertlal-range  turbulence  /15,1 6/.  Many  authors  who  used  this  theory  commented  on  the 

possible  lnapproprletenese  of  it  to  the  lower  thermosphere,  but  due  to  leek  of  elternative  /v 
theories  were  forced  to  uee  it. 


Indeed,  it  would  be  surprising  if  the  Kolmogoroff  theory  did  rigorously  epply  in  the  lower 
thermosphere.  Por  example,  the  upper  pert  of  the  region  generally  hat  a  very  stable 
temperature  profile,  something  like  that  of  tha  stratosphere,  so  buoyancy  forcss  could  well 


v 
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Be  important  in  producing  anisotropic  turbulence.  However,  high  resolution  measurements  in 
the  stratosphere  /17/  have  ehown  that  in  any  turbulent  layer,  there  is  soae  part  of  the 
spatial  spec tua  which  obeys  the  k-5/3  spectrum  predicted  by  Kolmogoroff,  and  the  smallest 
and  largest  scales  which  obey  this  relation  also  agree  nicely  with  theory. 

A  sore  serious  difficulty  for  the  theraospheric  case  is  the  separation  of  the  smallest  and 
largest  scales,  or,  equivalently,  the  value  of  the  Reynold's  number.  For  Kolmogoroff 's 
theory  to  apply,  it  is  necessary  that  the  Reynold's  number  be  very  large  /IB/.  The 
Reynold's  number  for  the  atmosphere  is  defined  as 

Re  “  -  *  .  (3) 

In  analogy  with  flow  in  pipes,  where  Lg  is  a  typical  "outer  scale",  and  vL  is  the  velocity 
associated  with  scale  In  the  troposphere,  v  ~  Id-6  a2  s~ 1  ,  Lg  -  100m  -  1  km 
and  vL~  1-IOms*1.  Hence  Re'  -  io7-  109  ,  which  is  satisfactorily  large.  However,  in  the 
lower  thermosphere  v  -  1  m2  a-1,  (e.g.  Fig  3a)  whilst  LB  and  vL  are  similar  to  the 

tropospheric  values.  Hence  Re  can  be  less  than  100,  and  this  may  not  be  large  enough  to 

maintain  an  inertial  subrange. 

Nevertheless,  the  little  experimental  data  available  suggests  that  the  turbulence  at  least 
tries  to  tend  to  an  k“9/3  structure  /19,20/,  at  least  in  conditions  of  weak  to  moderate  wind 
shear.  For  stronger  wind  shears,  other  theories  (e.g.  /21/)  have  occasionally  been  Invoked. 

The  region  80-120  km  is  a  difficult  region  to  study.  It  is  too  low  for  insltu  satellite 

measurements  and  too  high  for  balloons.  Measurements  of  c  and  K  must  be  made  by  somewhat 

Indirect  means,  and  are  therefore  difficult.  Given  the  apparent  tendency  for  the  atmosphere 
to  at  least  try  and  approach  an  "inertial*  spectrum,  it  will  be  assumed  in  this  article  that 
the  Kolmogoroff  theory  may  be  approximately  applied.  This  may  mean  some  systematic  errors 
in  some  of  the  profiles  presented,  but  certainly  the  profiles  should  be  accurate  to  at  worst 
a  factor  of  3.  It  is  freely  admitted  that  the  Kolmogoroff  theory  may  not  be  an  exact 
description  of  thermospheric  turbulence. 

RELATIONS  BETWEEN  K,  C  AND  THE  SCALES  OP  TURBULENCE 

The  Inertial  range  theory  of  Kolmogoroff  applies  between  two  scales,  Lfi  and  to.  The  first 
(larger)  is  called  the  outer  scale  of  turbulence,  the  second  the  inner  scale,  within  this 
range,  viscosity  has  negligible  effect.  However,  at  scales  less  than  to,  energy  dissipation 
due  to  viscous  forces  becomes  important.  The  so-called  "Kolmogoroff  microscale",  n,  is  a 
scale  well  within  this  range  of  viscous  dissipation,  and  is  defined  by 


(vVc)^4. 


It  can  be  shown  that  to  -  7.2n  /22/.  It  can  also  be  shown  that  the  outer  scale  is  a 
function  of  t,  and  is  given  by  /II/ 

lb  •  cic  '/2“b  3/2  •  <5> 

Here  uB  is  the  Brunt-Veisala  angular  frequency,  and  /II/  has  suggested  that 

Cj  »  2n/0.62.  plots  of  lb  and  to  ••  •  function  of  altitude  have  been  presented  by  /23/. 
Finally  within  a  turbulent  region  K  and  c  can  be  shown  to  be  related  by  the  expression 

K  -  c2  t/wB2  (6) 

and  various  authors  have  suggested  values  for  c? ,  While  /II/  suggested  that  C2  •  0.8, 
/24/  suggested  c}  •  0.33,  and  /25/  took  c2  •  0.6.  It  appears  that  c^  lies  between  0.2  and 
1.0.  Both  equations  (5)  and  (6)  only  apply  in  conditions  of  static  stability,  where  ufi  >0. 

The  three  equations  (4),  (5)  and  (6)  together  with  the  expression  lg  -  7.2n  form  the  main 

relation  to  be  used  in  this  article.  However,  it  is  also  useful  to  note  that 

3  /* 

LB/n  -  <R#>  '  .  (7) 

where  R  is  the  Reynold's  number  (see  (2)).  Thus  the  separation  of  the  inner  and  outer 

scales  Is  s  vsry  simple  function  of  Ra. 

THE  TURBOPAUSE 


The  molecular  kinematic  viscosity  v  increases  exponentially  with  the  increasing  height  in 
the  atnosphere,  and  at  soae  height  it  becomes  greater  than  the  eddy  viscosity  K.  The  height 
at  which  K  •  v  (or  equivalently,  the  Reynold's  number  Re  •  1 )  is  the  turbopause.  When  this 


occurs,  it  may  be  seen  from  equation  (7)  that  L 


Hence  near  the  turbopause,  there  can 


be  no  inertial  range  of  turbulence  whatsoever.  The  scalee  at  which  turbulence  generation 
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could  occur  ere  comparable  to  those  at  which  viacoua  f orcti  ara  important,  and  any  mechanism 
which  attempts  to  induca  turbulanca  la  vary  quickly  daapad.  The  height  of  the  turbopauee 
variea  because  c  varies.  At  the  turbopauee  v  •  K.  so  that  t  ~  v  u  1 ,  Larger  values  of 
c  allow  largar  v  values,  pushing  the  turbo pause  height  up.  . 

The  turbopauee  was  first  observed  experimentally  with  rocket  vapour  trail  neaaureaents.  The 
trails  appeared  turbulent  up  to  the  turbopauee,  and  then  quits  suddenly  becaae  laminar  above 
that  height.  The  reason  for  the  rapid  change  lias  largely  in  the  exponential  increase  in 
v  with  height,  when  a  vapour  trail  forms,  it  first  diffuses  by  molecular  processes,  until  a 
time  t^  -  *  after  release.  Then  the  trail  begins  to  appear  turbulent.  The 

kinematic  viscosity  increases  exponsntially  with  height,  and  near  the  turbopeuae,  this 
transition  time  may  typically  increase  from  less  than  a  minute  to  greater  than  2  minutes  in 
lees  than  about  5  km.  Thus  the  trail  appears  laminar  for  considerable  time  et  the  higher 
heights.  This,  couplad  with  highar  damping  which  turbulsnce  experiences  due  to  the  lerger 
viecoelty,  results  in  the  eppeerence  of  e  rapid  transition  to  laminar  flow  in  the  vapour 
trails.  Careful  observation  has  shown  that  thara  can  be  evidence  of  weak  turbulanca  up  to 
altitudas  as  high  aa  ~  110  km  /26/.  nevertheless,  the  turbopauee  does  truly  represent  a 
level  above  which  turbulence  plays  only  a  minor  rola. 

The  turbopauee  shows  a  large  degree  of  fluctuation  in  height,  both  in  day  to  day  variation 
and  seasonal  variation,  and  /27/  has  collated  a  large  sat  of  measurements  of  this  height, 
largely  acquired  with  rocket  measurements.  Thara  is  large  scatter,  and  no  clear  trend  as  a 
function  of  season  is  apparent.  However. /27/  did  find  a  negative  correlation  between  the 
turbopause  height  and  the  temperature  at  120  km  altitude.  Because  of  this  large  scatter, 
and  the  lack  of  any  clear  saaaonal  trend,  this  parameter  will  not  be  discussed  any  more 
extensively  in  this  article. 

METHODS  or  DETERMINATION  Of  c  AND  K 

Determination  of  c  and  f  values  can  be  broadly  classified  into  two  types : - 

i)  measurements  of  email  scale  motions  (4  5  km)  by  direct  observation,  and 

ii)  large  scale  studies  of  the  balance  of  heat  and 
inert  chemical  species  In  the  atmosphere. 

DIRECT  DETERMINATION  Of  c  . 

Moat  direct  measurements  of  c  in  the  height  range  80-120  km  have  been  made  either  by  rocket 
measurements  or  radar,  with  one  or  two  measurements  by  airglow  techniques. 

Rocket  Techniques 

Moat  measurements  of  c  via  rocket  techniques  have  involved  release  of  chemo- luminescent 
compounds  from  e  rocket,  and  than  watching  these  evolve  with  time.  These  have  either  taken 
the  fora  of  explosions  which  produced  luminescent  clouds,  or  ’slow  burns'  which  released  the 
reactive  components  slowly  ss  the  rocket  progressed,  resulting  in  a  long  trail  of 
luminescence.  High  resolution  photographs  of  thsse  clouds  or  trails  wera  than  recorded  for 
several  minutes  after  the  rsleete.  The  seen  drift  of  the  cloud  gave  the  wind  velocity,  and 
the  growth  of  the  cloud  gave  information  concerning  the  turbulence.  Generally,  the  trails 
grew  first  in  a  laminar  way,  with  the  trail  'radius*  r  (see  shortly  for  more  concerning  the 
definition  r)  increasing  approximately  in  the  manner 

<r-r0)?  -  2vt,  ( a ) 

t«0  being  the  time  et  which  molecular  diffusion  begins  and  r0  the  radius  at  time  t-0. 
Then,  after  e  characteristic  time  1  -  (-jf-)  1'2,  turbulence  eats  In,  and  the  trail  expands 

more  rapidly.  Theory  suggests  that  the  relation 

2  3 

r  «  8  c  t  (9) 


should  be  obeyed  /ll/,  et  least  over  distances  r  which  are  lass  that  Lg.  The  constant  8  is 
known  from  theory,  so  one  method  by  which  c  can  be  obtained  le  by  examining  the  expansion  of 
the  trail  according  to  equation  (9)  and  thus  finding  c.  Notic#  that  it  is  not  possible  to 
define  e  'diffusion  coefficient*  et  scelei  less  than  1B,  because  a  lew  of  the  type  (8)  does 
not  apply.  At  scales  beyond  Lg,  <r-r0)*  le  again  proportional  to  t,  end  a  vertical 
diffusion  coefficient  can  indeed  be  defined. 


There  ere  problems  with  this  method.  One  such  problem  occurs  in  defining  sero  time,  the 
trails  end  clouds  expand  Initially  by  non -d if fusive  mechanisms,  such  as  heat  gradients  end 
explosive  motions  /28/.  Problems  also  exist  in  defining  the  trail  'radius*.  The  most 
rigorous  definition  of  r  would  be  to  uee  the  treil  autocorrelation  half  width,  but  this  wee 
often  difficult  to  find  end  wee  not  always  used. 
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Rather  than  uae  aquation  (9),  /26/  examined  the  trail  expansion  to  find  the  tiae  tn  when 
the  trail  expansion  changed  froa  aolecular  to  turbulent  diffusion,  and  used  equations  (8) 
and  (9)  to  determine  when  the  cloud  was  in  each  state.  They  then  found  c  via  the 


relation  e  •  v  t 


Nevertheless  there  are  uncertainties  in  taking  this  as  an  equality. 
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Rather  than  using  either  of  these  aethods,  /19/  used  a  aore  precise  foraulation  similar  to 
equation  (1)  which  required  detailed  knowledge  of  all  three  components  of  velocity  and  their 
spatial  gradients.  It  is  not  clear  whether  adequate  accuracy  of  these  velocity  components 
was  actually  attained. 

By  measuring  both  winds  by  cloud  releases  and  temperature  profiles  by  grenade  experiments, 
/B/  were  able  to  calculate  the  Richardson  number  as  a  function  of  altitude.  Tropospheric 
observations  of  relations  between  Richardson  number,  wind  ^peed,  and  turbulence  intensity 
were  applied  to  estimate  the  mean  square  eddy  velocity,  <  w  >.  Then  use  was  made  of  the 
relation 


<  w  Xo. 


to  estimate  c.  Later  /29/  suggested  that  the  relation  should  more  appropriately  be 


£  -  0.4  <  w  >u. 


(10) 


(11) 


and  all  the  values  of  /6/  have  been  corrected  to  suit  equation  (11)  in  this  text.  /6S/  used 
theoretical  relations  between  viscosity  and  the  ainimiaa  vertical  wavelength  of  gravity  waves 
/19/  to  help  extract  turbulence  parameters,  and  another  method  used  involved  calculations  of 
structure  functions  from  high  resolution  winds  /61/.  Hors  recently  /96/  have  made  high 
resolution  measurements  of  electron  density  to  infer  turbulent  energy  dissipation  rates. 

It  has  at  times  been  claimed  that  rocket  measurements  of  turbulence  are  unreliable,  because 
the  rocket  itself  could  induce  the  turbulence  /82/.  This  does  not  appear  to  be  the  case, 
since  rocket  results  show  good  agreement  with  remote  sensing  measurements  such  as  radar 
observations,  which  do  not  suffer  from  this  possibility. 


* 
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Radar  Techniques 

Ttie  main  two  radar  technique*  involve  (i)  observation*  of  aeteor  trails  and  (ii) 
observation*  of  radar  fading  tiae*.  Tt*e  former  method  was  originally  implemented  by  /30/, 
and  involve*  firstly  measurement  of  velocities  transverse  to  the  meteor  trail  alignment*  and 
thence  formation  of  the  structure  function 


DttJ  *  <lvt(i>  -  yt  1  *  ♦  £.  >1  >• 

vt  being  the  velocity  perpendicular  to  r_9 


According  to  theory, 


tt  J  Lv  £  r 


(12) 


(13) 


in  the  inertisl  range,  and  recent  meaauresents  give  Cy  «  2.0  /31/.  However,  /30/  aaeumed 

2  2  /3  2  /3 

0tt  -  4.82  c  '  r  '  .  (14) 

For  this  paper,  values  presented  by  /30/  have  been  corrected  to  setisfy  the  former 
formula.  /32/  also  applied  thla  method  end  c  values  obtained  from  there  heve  been  similarly 
adjusted.  More  recently  /33/  have  also  applied  a  similar  meteor  method. 

when  a  backscatter  radar  with  a  narrow  beaa  is  used,  it  is  possibls  to  maasura  the  mean 
square  fluctuating  velocity  of  the  scetterers  by  utilising  ths  spectral-width  of  the 
received  signal.  Both  /34,35/  end  /36,37/  have  applied  thie  technique,  and  hava  uaed  a 
formula  similar  to  equation  (11)  to  obtain  c.  It  is  important  to  remove  other  contaminating 
effects  such  at  'beam-broadening*  when  applying  this  msthod,  snd  thsss  suthors  did  this. 
However,  /36,37/  used  e  very  wide  polar  diagram,  and  as  pointed  out  by  /34,35/>  this  can 
lead  to  contamination  from  larger  ecele  horltontal  fluctuating  motions  (e.g.  gravity  waves), 
particularly  in  conditions  of  weak  turbulencs.  Thus  the  values  rscordsd  by  /36,37/  sra  at 
best  upper  limits  on  c,  snd  must  be  treated  with  caution.  In  this  paper , ths  results  of 
/34 ,35, 36, 37/  have  been  adjusted  so  that  equation  (11)  is  obeyed, 

Another  way  by  which  energy  dissipation  rates  can  ba  obtained  is  to  examine  ths  decay  of 
gravity  wavs  energy  with  height  and  this  has  bean  dons  by  /36 , 37 , 38 , 39/ . 
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Fig .  1 .  Energy  dissipation  rates  for  latitude  bands  0-20*,  20-50*  and  50-90*.  O*  the  left 
ara  abota  all  profiles  aa  ax trac tad  fra*  the  ralavant  references,  and  on  the  right 

are  the  aeana  ((  ±  o//ST  and  the  medians  (heavier  linea) .  Symbols  used i  z  ia  used 

for  all  profiles  involving  Zimaarman  /8 , 19 ,28 ,40,60,61 ,62 ,61,64 ,6S ,66,50 ,67/ ,  N 

for  profiles  involving  Kane  on  /J6,J7/,  H  for  Hocking  /35/,  R  for  Roper  /30,68/,  J 
for  Justus  /69, 70, 71 ,72/,  ♦  for  Lloyd  at  al  /73/  and  Reea  at  al  /26/,  V  for 

profiles  Involving  Vincent,  /3B,39,44/  B  for  Blaaont  /6,74,75/  and  c  for  NcAvaney 
/32/. 

TYPICAL  WERCY  DISSIPATION  RATES 

All  techniques  discussed  above  have  soae  fora  of  possible  errors,  be  they  resolution 

problems,  contaainatlon  by  gravity  waves  or  uncertainty  as  to  the  values  of  certain 
constants.  Nevertheless,  aott  methods  ate  moderately  sound  in  principle,  and  all  resu’ ' e 
obtained  by  such  aathods  are  shown  in  Figure  1,  together  with  plots  of  the  naan  and  eedians 
(where  possible)  for  the  latitude  bands  0*-20*,  21*-50*  and  51*-90*.  The  means  were  taken 
et  1  ka  intervals,  whilst  eedians  refer  to  3  ke  bands.  The  horiiontal  lines  represent  a  one 
standard  deviation  for  the  wean.  Originally,  the  data  were  also  divided  into  three  seasonal 
suaeer,  winter  and  equinox.  At  21*-50*,  t  appeared  to  be  largely  independent  of  season,  and 
below  20*  .there  were  insufficient  data  to  consider  each  season  separately.  Thus  the  three 
seasons  for  these  latitude  belts  have  bean  merged.  If  there  was  any  trend  for  21*-50*,  it 
was  that  summer  values  were  greater  than  winter  which  were  greater  than  equinox  at  85-90  bis. 
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cut  the  to tel  variation  was  less  than  a  factor  of  3.  This  la  a  different  seasonal  trend  from 
Ujat  found  by  /30/,  and  it  is  felt  that  there  is  too  little  data  to  place  any  emphasis  on 
lt<  xt  is  possible  that  the  seasonal  trend  found  by  /lO/  was  unique  to  that  year  of 
observation.  Using  a  very  similar  technique,/ 3 2/  found  no  seasonal  trend. 

notice  that  aedians  have  also  been  plotted  for  the  band  2f*-50*,  since  there  were  sufficient 
data  to  do  this.  The  aean  aay  not  be  the  best  way  to  describe  these  data,  as  one  large 
value  of  c  can  seriously  affect  the  aean.  The  straight  edges  surrounding  the  aedians 
represent  the  lines  below  which  16%  and  84%  of  the  data  lie,  respectively  (l.e.  66%-67%  of 
the  data  lay  within  the  outlined  region).  Notice  that  at  tines  c  values  as  large 
,s  1-2H  kg“*  have  been  observed,  but  generally  c  Is  of  the  order  of  O.IWkg. 
above  —  95  ka  the  neans  and  aedians  agree  fairly  wall,  but  below  this  height  there  are  aoae 
discrepancies.  The  aedian  is  probably  a  better  swasure  of  typical  e  at  these  heights. 

In  the  51*-90*  region,  all  the  data  were  due  to  /8/  for  tw>  stations  at  60*N  and  70*N,  and 
/36,37/.  The  two  extreme  left  profiles  in  Figure  1  are  those  due  to  /8/  for  summer.  In  the 
extreme  left  profile,  these  values  get  very  low  in  value,  although  it  should  be  noted  that 
below  80  km  (at  75  -  80  km) ,  the  values  recorded  by  /8/  rose  somewhat  to  values  of  the  order 
of  .01  Wkg"1  .  Hence  all  that  can  be  said  is  that  the  typical  values  at  80  km 
are  ~  .005  -  .02  Wkg"1  in  summer. 

The  values  due  to  /36,37/  for  summer  were  i  0.1  Wkg-1.  if  the  values  due  to  /8/  are  taken 
as  a  reference,  then  it  appears  that  the  values  froa  /36,37/  aay  be  contaminated  by 
horlxontel  gravity  wave  motion  as  discussed  by  /34,35/.  Thus  they  have  been  ignored  in 
forming  the  summer  means.  However,  during  winter,  turbulence  is  auch  stronger  (according  to 
/8/)  so  that  values  due  to  /36,37/  are  therefore  probably  aore  reliable,  and  have  been 
included.  It  appears  that  there  are  larger  seasonal  fluctuations  at  high  latitudes. 

It  should  also  be  noted  that  the  'means'  above  ~  100  ka  are  almost  certainly  an  over¬ 
estimate.  Much  of  the  time  this  region  is  above  the  turbopause,  and  so  is  laminar,  but 
only  e  values  corresponding  to  turbulent  conditions  have  been  included  in  these  means, 
lhus  the  profile  above  ~  100  ka  only  represents  occasions  when  the  turbopause  ie  high. 

Figure  2  ehows  the  median  values  of  c  for  all  data  collectively,  together  with  16th  and  84th 
percentiles.  The  broken  arrows  on  Figure  1  <20*-50*)  and  Figure  2  are  meant  to  indicate 
that  often  the  turbopause  exists  at  heights  as  low  as  95-100  ka,  and  often  e  profiles 
actually  follow  the  broken  lines  rather  than  continue  up  to  -  115  ka.  The  diegonal  line  in 
Figure  2  represents  the  line  c  •  vug2  «  If  t  lies  to  the  left  of  this  curve,  it  means 
that  turbulence  cannot  develop  (or  at  best  can  develop  only  weakly)  as  this  means  that  the 
molecular  diffusion  coefficient  is  greater  than  the  turbulent  diffusion  coefficient  (see 
equation  (6)). 


ENERGY  DISSIPATION  (GLOBAL) 

•  =  median 


Fig  2.  Median  profiles  for  ell  data.  The  dotted  region  represents  the  region  between  16th 
and  84th  percentile.  The  dashed  lines  et  the  top  emphasise  £hat  often  a  turbopause 
exists  lower  down,  and  the  diagonal  line  represents  c  ■  vu 
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DETCRMI NATIONS  OF  K 

Whilst  a  few  ettespta  have  been  Bade  to  determine  K  froa  experimental  observational  they 
have  not  been  frequent.  /9/  tried  to  obtain  K_  and  Kt  separately  frost  detailed  measurements 
of  wind  velocity,  and  from  observing  the  oscillation  amplitude  of  eddies.  Another  attempt 
to  determine  K  directly  was  tried  by  /40/  who  used  rocket  measurements  of  temperature  to 
solve  the  equation 


■  /  *L 

/  dr  ' 


0  being  potential  temperature  and  w*  the  vertical  fluctuating  velocity.  Additionally  /38/ 
have  looked  at  gravity  wave  decay  with  height,  although  this  method  has  large  inaccuracies 
due  to  uncertainties  in  determining  “typical*  vertical  wavelengths  for  gravity  waves.  /41/ 
also  made  rocket  estimates  of  K,  and  /42/  used  studies  of  the  transport  of  water  vapour  to 
give  estimates  of  k. 

More  recently,  /43/  has  proposed  a  formula  which  relates  the  vertical  diffusion  coefficient 
to  the  mean  square  fluctuating  velocities  of  gravity  waves.  This  formula  has  arisen  from 
his  work  on  non-linearity  in  saturating  gravity  waves,  and  takes  the  form 

k  “I  (16) 

m  2H  kug 

where  (m)  is  the  mean  square  fluctuating  vertical  velocity  of  gravity  waves  with  vertical 
wavenumber  a,  H  is  the  scale  height,  and  uB  is  the  ferunt-Vaisala  frequency.  The  parameter 
k  is  a  ‘typical*  horixontel  wavenumber  for  waves  of  vertical  wavenumber  m.  preliminary 
estimates  of  K.  using  variations  of  this  formula  have  been  made  by  /44,45/.  It  should  be 
noted  that  the  formula  does  require  the  existence  of  a  saturated  gravity  wave  spectrum.  The 
gravity  wave  approach  for  estimation  of  1  has  been  compared  to  the  eddy  diffusion  approach 
in  a  recent  review  by  /46/. 

Some  early  estimates  of  K  made  by  observing  the  rate  of  expansion  of  clouds  of  vapour 
release  have  not  been  Included  in  the  data  used  in  this  paper.  These  ere  those  data  which 
were  calculated  under  the  mistaken  belief  that  turbulent  diffusion  should  give  a  rate  of 
expansion  as  a  function  of  time  like  that  described  in  equation  (B).  As  has  already  been 
noted,  a  cloud  spreading  under  turbulent  processes  will  follow  sn  expansion  as  a  function  of 
time  described  by  equation  (9),  and  by  assuming  an  expansion  like  the  molecular  case,  an 
over-estimation  of  K  will  result. 

Direct  measurements  of  K  do  not  represent  the  major  means  by  which  K  has  been  determined. 

More  commonly,  estimates  of  K  have  been  made  from  global  temperature  end  density  profile 

considerations.  It  was  noted  /) 4/  that  the  temperature  gradient  at  85-1 10km  is  not  as  steep 
as  it  should  be  If  only  molecular  diffusion  acted,  end  so  /14/  concluded  that  turbulence 
must  be  acting  to  transfer  the  heat  down  from  the  regions  where  photodissociation  (end 
therefore  heating)  take*  place  to  the  lower  regions  where  COj  radiation  can  occur.  Working 
from  this  premiss  they  were  then  able  to  obtain  approximate  estimates  of  the  expected  eddy 
diffusion  coefficient.  In  a  somewhat  similar  vein,  /48/  noted  that  observed  ratios  of  tha 
concentration  of  0;  to  that  of  0  at  120km  wars  higher  then  adight  be  expected.  They 

postuleted  that  eddy  diffusion  could  mix  ths  0  down  from  120  km  to  ~  90  km,  whars  the  mean 
free  path  is  less,  and  so  allow  greeter  02  concentrations  in  the  90-120  km  region.  These 
authors  also  made  estimates  of  K. 

These  last  two  techniques  fora  the  besie  of  many  subsequent  estimates  of  K.  Successive 
authors  have  included  temporal  variations  /49,50/,  and  have  looked  at  latitudinal  and 

seasonal  variations  /Si, 52, 92/.  It  was  slso  pointed  out  /50/  that  some  of  the  earlier  papers 
had  assumed  that  turbulence  existed  above  the  turbo pa use  and  therefore  wars  in  error. 

An  interesting  question  arises  froa  this  work  on  energy  end  oxygen  balance.  Turbulence 

produces  both  heating  and  diffusion,  end  It  Is  not  at  ell  obvious  which  process  dominates. 
Ths  rate  of  diffusion  of  heat  depends  on  both  ths  turbulent  diffusion  coefficient  K  and  the 
vertical  temperature  gradient,  tha  latter  being  caused  initially  by  eoler  heating.  Both 
/52/  and  /S4/  pointed  out  that  the  rates  of  diffusion  and  hasting  are  very  similar.  Ths 
question  arises  as  to  which  Is  most  sffactiva  -  Is  diffusion  more  affective,  so  that 
turbulence  actually  diffuses  hast  across  the  heat  gradients  formed  by  solar  effects  feeter 
then  it  causes  heating  Itself  (end  thus  cooling  tha  mesophsrc),  or  Is  It  mors  efficient  at 
depositing  hast,  thus  heating  the  mesophere?  It  turns  out  that  the  answer  to  this  question 
lies  in  the  value  of  the  constant  cj  In  equation  (6). 

The  reason  for  the  dependence  on  Cj  can  be  seen  by  exaelning  the  Richardson  number  R^ 
This  is  given  by 


*1  *  -V  /K  [  31  1*  *  *  “b2  f  1  t/,c.  J< 
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Fig  34  Collective  of  *11  eddy  diffueion  coefficient  profiles  froe  *11  relevant 

references.  no  distinction  has  been  made  concerning  latitude  and  season.  Tbe 
dotted  region  represents  X  •  v ,  v  being  eoleculer  viscosity.  Synods  used  are,  ic 
for  xeneshea  et  al  /67/  end  xenesha  end  Ziaaarman  /SO/,  J  for  Johnson  and  Wilkins 
/47/.  C  for  papers  involving  Colgrov*  /48,76,/  O  for  Johnson  and  Gottlieb  /S2/,  S 
for  shieazaki  /49/,  N  for  Heaatvedt  /SI/,  *  for  Wofsy  end  HcElroy  /77/,  T  for 

Teltelbaue  and  Blaeont  /«1/,  E  for  ttel  /14/  .  *  for  Chandra  /2S/,  Z  for  Zimmerman 
and  keneshea  /40/,  ♦  for  Cibbina  et  el  /42/,  B  for  Blue  end  Schuchardt  /78,92/,  S 
for  Justus  /9/. 

Fig  3b  Envelop*  of  profiles  froe  Fig  3a,  together  with  t/*J  end  0.5  t/uJ  profiles 
deduced  froe  Fig  2.  D 

since  c  •  X  f|j]2  /9/.  Her*  du/d*  is  the  vertical  shear  in  the  Been  wind.  Thus 

b  *  wher®  c2  —  ■••n  Richardson  number  of  ell  turbulent  patches.  /53/ 

showed  that  the  rate  of  transfer  of  heat  through  the  aeaoapher*  was  F  -  nHpu  2x,  (where  n  - 
7/2,  H  “  scale  height,  p  ■  density),  whilst  the  rate  of  loss  of  heat  over  one  scale  height 
-as  V  -  (RJ-1  Hpo|  X.  thus  P/F  -  l^n)"1  .  Clearlv  heating  dominates 

li  5  0.28,  and  diffusion  if  ^  Z  0.28.  /53/  clalaed  that  for  turbulence  to 

occur,  Rt  Bust  be  less  than  0.25  so  heating  should  dominate,  whilst  /54/  claimed  that 
whilst  Rt  must  be  less  than  0.25  to  initiate  turbulence,  turbulence  may  then  persist  for 
values  of  Rt  as  high  as  1.0.  thus  /S4/  claimed  is  nearer  1.0.  the  estimates  suggested 
earlier  (equation  (6))  would  imply  diffusion  dominates.  Recently  /25/  has  presented  a  more 
rigorous  treatment  of  estimation  of  eddy  dlf f usivitiss  to  bring  into  account  c,,  and  assumed 
Cj  -  0.6,  and  /S5/  have  concluded  that  the  answer  to  the  question  of  whether  turbulence 
heats  or  cools  the  atmosphere  depends  on  the  height  gradient  of  x,  and  claimed  that 
turbulence  heats  below  about  105  km  and  cools  above. 

One  problem  with  these  theoretical  estimates  of  X  is  that  they  do  not  consider  the  effects 
Of  vertical  wind*.  For  example,  atomic  oxygen  from  120  km  could  be  brought  down  to  90  km  by 
vertical  winds  at  one  location,  and  lifted  back  up  by  vertical  winds  at  another.  The 
possibility  of  such  'cells'  of  circulation  has  not  be  included  in  any  of  these  analyses. 
Thus,  in  principle,  all  prior  estimates  are  upper  limits  of  X. 

The  relation  (6)  offers  a  means  of  converting  the  c  profile  of  figures  1  and  2  to  x 
profiles,  but  a  possible  problem  arises  because  the  lower  thermosphere  is  not  always 
turbulent.  This  being  so,  it  may  be  that  whilst  the  relation  (6)  control*  diffusion  across 
«  turbulent  patch,  it  may  not  control  diffusion  across  the  whole  region  80-120  km.  Rather, 
the  rate  of  diffusion  might  depend  partly  on  the  temporal  and  spatial  frequency  of 
occurrence  of  turbulent  patches  in  a  manner  similar  to  that  proposed  by  /56/  and  /S7/  for 
the  stratosphere.  This  la  a  point  which  needs  further  examination  in  the  future,  but  for 
the  present  the  relation  (6)  will  be  utilized. 

In  Figure  3a  all  tha  relevant  X  profiles  due  to  ail  the  mentioned  author*  have  been 
presented.  These  include  both  theoretical  and  experimental  ones.  The  approximate  molecular 
Viscosity  has  also  been  marked,  and  turbulant  viscosities  have  been  stopped  when  they 
encounter  this  region.  In  Figure  3b,  the  shaded  region  represents  broadly  the  range  of 
value*  in  Fig  3a.  tha  solid  lines  represent  X  values  deduced  by  applying  equation  (6)  to 


H  K  1  i  . 


the  ir.eJianh  of  figure  2.  The  br  uii  t- Va  l sa  la  jertodb  were  Lake/.  Iroa  /*>«/.  The  profile 
the  right  aesvunes  k  -  t/lvg*.  And  ihat  to  the  iett  assumes  C  -  0.5i  /*.^  .  Cor.  6 1  d  t  i  ;  rig 

the  potential  uncertainties  in  measurement  of  boti>  r  end  t  ,  the  agreement  r  etwee:,  trie  teg 
data  sc  ts  is  qood,  and  tie  results  suggest  a  value  for  c,  of  about  1.0. 

SEASONAL  A Ko  LATITUDINAL  VARIATIONS 

teas  -rt.u  /its  of  the  ratio  of  the  densities  of  O2  to  C  at  120  kx  have  been  used  to  estimate  a 
as  a  function  of  season  /59,92/.  both  puLlicationa  show  stellar  profiles  and  ir.  particular 
both  find  a  maximuo  in  A  in  summer  at  aid  to  high  latvludea,  Or.  the  other  hand,  ,'K/ 
obtained  a  maximum  in  K  during  w.nter  at  'jo-4dc  latitude,  Thus  althujgn  attempts  nave  test 
made  to  obtain  seasonal  and  latitudinal  variations,  these  ere  at  tie  early  a  ,  ta  ;e  to  be 
included  in  this  review. 

SCALES  OF  TURBULENCE 

based  on  the  profiles  derived  earlier,  it  is  possible  to  ett  mate  ( .  and  [..,  at  these 
altitudes.  At  80  An,  to  ~  10-20a,  whilst  at  80  km,  to  -  2u-au  ».  The  o„ter  scale  L-  is 
generally  between  400  and  2000a  at  all  altitudes.  Between  these  sba.es,  turtuleme  should 
be  largely  isotropic  -  at  larger  scales  strong  anisitrofy  ray  set  ir..  These  ranges  are  also 
consistent  with  experimental  observations  of  to  /20/.  More  detailed  height  -..fi.es 
of  Lg  and  tQ  have  been  presented  by  /23/. 

CONCLUSION 

Curves  at  c,  and  X  vs.  height  have  been  presented.  One  po.,.v  ...  .  learly  emerged  is 

that  there  is  a  scarcity  of  experimental  data,  and  more  effort  .  .  .  •ct.-'n  is  stror.gxy 

urged,  so  that  a  clear  global  and  seasonal  picture  of  turbulence  va,  ,  ■  built  up. 
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ABSTRACT 

Theoretical  and  seml-emplrlcal  descriptions  of  the  solar  and  geomagnetic  driving  forces 
affecting  the  terrestrial  mesosphere  and  thermosphere  have  been  used  to  generate  a 
series  of  representative  numerical  models  of  the  thermosphere,  covering  a  wide  range  of 
solar  and  geomagnetic  activity  levels,  for  all  seasons.  These  numerical  models  are 
compared  with  observations,  and  with  the  most  recent  experimental  and  seml-emplrlcal 
models  of  the  thermosphere.  The  theoretical  models  thus  give  a  direct  record  of  the 
magnitude  of  the  major  driving  forces  which  affect  the  thermosphere  as  a  function  of 

solar  and  geomagnetic  activity  parameters.  These  resulting  models  can  thus  be  used  to 

evaluate,  In  a  3elf-cor.sistent  way,  the  covariance  of  thermospheric  structure  and 

dynamics,  and  evaluate  the  behaviour  of  regions  which  have  not  been  widely  explored  by 

ground-based  or  spacecraft  techniques,  such  as  the  lower  thermospheric  regions. 

INTRODUCTION 

Theoretical  three  dimensional  and  time-dependent  global  models  of  the  earth’s  thermosphere 
solve  numerically  the  primitive  equations  of  energy  and  momentum  as  applied  to  the 
thermosphere,  with  appropriate  boundary  conditions  / 1 —3/ -  Global  simulations  of  the 
structure  and  dynamics  of  the  thermosphere  require  realistic  values  of  the  energetic  Input 
from  the  UV  and  EUV  components  of  solar  radiation  / 4/  and  cf  the  heating  efficiency  / 5 / . 

A  realistic  description  of  the  global  thereosphere  also  requires  the  Inclusion  of  the 
highly  variable  energy  and  momentum  Inputs  from  the  solar  wind  via  the  earth's  magnetosphere 
/ 6- 8 / .  Model  simulations  have  been  tested  by  comparison  with  the  wind,  temperature  and 
neutral  composition  data  sets  from  spacecraft  such  as  Dynamics  Explorer  /9-12/,  from 
ground  based  facilities  such  as  the  Incoherent  scatter  radars  / 13/,  and  from  ground-based 
optical  Instruments  such  as  Fabry-Perot  Interferometers  located  at  several  high  latitude 
stations  / 1 4 , 15/.  It  has  also  been  possible  to  compare  theoretical  predictions  with 
empirical  models  such  as  the  MSIS  83  model  / 1 6/ . 

Comparisons  with  data  and  with  empirical  models  show  that  the  major  diurnal,  latitudinal 
and  seasonal  variations  of  the  middle  and  low  latitude  thermosphere,  in  wind  velocity, 
temperature  and  density  of  the  major  species,  can  be  successfully  represented  In 
theoretical  models  for  a  wide  range  of  solar  and  geomagnetic  activity  levels  71,9,11—15/. 

The  thermospheric  response  resulting  from  Intense  energy  and  momentum  sources  associated 
with  geomagnetic  forcing  can  be  simulated  by  the  Inclusion  of  a  polar  convection  electric 
field,  and  by  the  self-consistent  enhancement  of  the  polar  Ionosphere  and  the  polar  energy 
Input  resulting  from  magnetospherlc  precipitation  / 9 .  1 1  —  1 6 , 17-20/.  The  wind,  temperature 
and  composition  structures  of  the  thermosphere  resulting  frem  these  simulations  are  in 
agreement  with  both  large  scale  and  local  observations  of  the  thermosphere,  even  during 
Its  highly  time-dependent  response  to  major  geomagnetic  disturbances  71*1,15/.  In  this 
paper,  the  seasonal  and  latitudinal  structural  variations  of  the  thermosphere  will  be 
described  at  the  Decemter  and  June  solstices  for  geomagnetical ly  quiet  (K/"*  1),  average 
conditions  (  K S' 2)  and  moderately  disturbed  geomagnetic  (Kg'  ***)  conditions.  Solar  EUV 
Input  appropriate  to  average  solar  maximum  conditions  (F10.7  cm  s  165)  will  be  used. 

The  polar  energy  and  momentum  sources  resulting  from  magnetospherlc  forcing  are  comple* 
and  are  still  not  well  described  In  the  form  required  by  global  three  dimensional  and 
time-dependent  models.  During  disturbed  periods,  the  local  heating  rates  and  momentum 
transfer  rates  from  magnetospherlc  sources  can  be  two  orders  of  magnitude  greater  than 
those  due  to  the  low  latitude  solar  UV  and  EUV  heating,  and  an  order  of  magnitude  greater 
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in  quiet  periods.  The  structure  and  dynamics  of  the  polar  thermosphere  is  thus  strongly 
modified  ty  the  signatures  of  magnetospheric  processes,  even  during  relatively  quiet 
geomagnetic  periods.  The  MSIS  83  empirical  mcdel  includes  longitudinal  ard  LIT  variations 
/ 1 6/  in  thermospheric  structure,  even  during  quiet  geomagnetic  periods,  which  can  be 
attributed  to  the  signatures  of  magr.etospherlc  energy  ard  momentum  forcing.  Theoretical 
models  provide  an  excellent  means  of  understanding  the  causes  of  these  signatures. 

However,  since  the  magnetospheric  convection  electric  field  depends  or.  the  structure  and 
time-dependence  of  the  IMF  / 1 2, 15,21/,  a-prlori  modelling  of  the  thermosphere  depends 
on,  at  best,  real-time  observations  of  magnetospheric  electric  fields  and  precipitation. 

THEORETICAL  MODELLINC  OF  THE  THERMOSPHERE 

The  UCL-3D  thermospheric  model  simulates  the  time-dependent  structure  of  the  vector  wind, 
temperature,  density  and  composition  of  the  neutral  atmosphere,  by  numerically  solving  the 
non-linear  equations  of  momentum,  energy  and  continuity  /l/,  and  a  time-dependent  mean 
cass  equation  121 .  The  global  atmosphere  Is  divided  into  a  series  of  elements  In 
geographic  latitude,  longitude  and  pressure.  Each  grid  pclnt  rotates  with  the  earth 
to  define  a  non  Inertial  frame  of  reference  In  a  spherical  polar  coordinate  system. 

Tne  latitude  resolution  is  2  degrees,  the  longitude  18  degrees,  and  each  longitude  slice 
sweeps  through  all  local  times  with  a  1  min  time  step.  In  the  vertical  direction  the 
atmosphere  Is  divided  into  15  levels  In  log  pressure,  each  layer  equivalent  to  one  scale 
height  thickness,  from  a  lower  boundary  of  1  Pascal  at  80km  altitude. 

The  top  pressure  level  varies  In  altitude  with  changes  in  the  temperature  profile  from 
around  300km  during  extremely  quiet  periods  at  low  solar  activity  to  altitudes  In  excess 
of  7u0km  during  disturbed  periods  at  high  solar  activity.  In  all  cases  the  range  of 
pressure  levels  covers  the  thermospheric  regimes  from  below  the  mesopause,  up  to  and 
Including  the  altitudes  where  the  neutral  velocity  and  temperature  cease  to  have  any 
vertical  structure,  in  the  vicinity  of  the  exobase.  Similarly,  the  pressure  or 
altitude  range  covers  the  ionospheric  E  and  F  regions,  although  the  simulations  described 
here  dc  not  model  this  environment  self-consistently,  but  rely  on  empirical  descriptions 
of  ion  density  1221,  with  appropriate  enhancements  to  effectively  simulate  periods  of 
disturbed  geomagnetic  activity. 


The  time-dependent  variables  of  southward  and  eastward  neutral  wind,  total  energy  density, 
and  mean  molecular  weight  are  evaluated  at  each  grid  point  by  an  explicit  time  stepping 
numerical  technique.  After  each  iteration  the  vertical  wind  is  derived,  together  with 
temperature,  heights  of  pressure  surfaces,  density,  and  atomic  oxygen  and  molecular 
nitrogen  concentrations.  Interpolation  to  a  fixed  height  is  possible  for  comparison 
with  experimental  data. 

The  momentum  equation  is  non-linear  and  the  solutions  fully  describe  the  horizontal  and 
vertical  advectlon,  i.e.  the  transport  of  momentum.  The  transformation  to  a  non- 
lnertlal  frame  of  a  rotating  spherical  atmosphere  is  complete  with  the  exception  that  the 
radial  centrifugal  component  is  absorbed  within  the  gravitational  acceleration,  g,  which 
is  assumed  constant  at  9.5  m  s-2.  This  transformation  results  in  the  curvature  and 
corlolls  effects  which  are  fundamental  in  realistic  simulations  of  atmospheric  dynamics. 

The  momentum  equation  also  Includes  horizontal  pressure  gradients,  described  exactly  by 
gradients  In  the  heights  of  the  pressure  surfaces,  horizontal  and  vertical  viscosity,  ar.d 
ion  drag.  Similarly,  the  non-linear  energy  equation  is  solved  self-cor.slstently  with  the 
momentum  equation  and  describes  the  three  dimensional  advectlon  of  energy,  and  the 
transfer  of  energy  between  internal,  kinetic  and  potential  energy.  The  solutions  also 
describe  the  horizontal  and  vertical  heat  conduction  by  molecular  and  turbulent  processes, 
heating  by  solar  UV  and  EUV  radiation,  cooling  by  Infrared  radiation,  and  heating  due  to 
the  ohmic  dissipation  of  ionospheric  currents,  known  as  Joule  and  frictional  heating. 

The  coir, position  equation,  which  describes  the  rate  of  change  of  mean  molecular  weight, 
is  solved  self-consistently  with  the  momentum  and  energy  equations,  and  defines  uniquely 
the  concentrations  of  atomic  oxygen  and  molecular  nitrogen.  The  numerical  solution 
describes  the  transport  of  these  major  species  and  their  relative  diffusion  by  molcular 
and  turbulent  processes  through  the  three-dimensional  atmosphere.  Photo-dissociation  of 
molecular  oxygen  and  chemical  processes  in  the  lower  thermosphere  are  not  treated 
explicitly.  Evaluation  of  the  respective  time-constants,  and  comparison  with 
experimental  data,  show  that  these  assumptions  are  generally  realistic.  Molecular 
oxygen  density  follows  nearly  the  same  height  variation  as  molecular  nitrogen,  and  Is 
nearly  de-coupled  from  atomic  oxygen,  due  to  the  relatively  long  recombination  time- 
constant. 

The  separation  of  the  geomagnetic  poles  from  the  geographic  poles  causes  photoionlsatlon 
in  the  polar  regions  to  have  a  large  diurnal  (UT)  variation  in  both  hemispheres  at  any 
season  due  to  the  diurnal  rotation  of  each  geomagnetic  polar  region  about  its  respective 
geographic  pole.  This  causes  the  ion  drag  and  frictional  and  Joule  heating  rates  in  the 
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;clar  regions  to  have  a  large  UT  dependency  by  modulating  the  load  on  the  magnetospherlc 
-,-namo.  The  UT  modulation  is  larger  In  the  aouther..  hemisphere  due  to  the  greater 
reparation  between  geomagnetic  and  geographic  poles.  The  seasonal  variation  of  solar 

р. not o- 1  onlsa t ion  in  the  polar  regions  appears  to  cause  a  similar  seasonal  /  hemispheric 
variation  of  the  geomagnetic  energy  and  momentum  inputs  as,  with  increasing  F  region 

с. nductlvity  due  to  increasing  solar  illumination,  the  ionospheric  load  on  the  magnet- 
espneric  dynamo  is  increased  7127.  Under  any  conditions  other  than  close  to  equinox,  the 
asymmetric  solar  illumination  ard  photo-ionisation  between  the  two  hemispheres  causes  the 
geomagnetic  dissipation  rate  in  the  summer  hemisphere  to  exceed  that  in  the  winter 
hemisphere  by  a  considerable  factor  l\2l. 

Under  steady  solar  and  geomagnetic  conditions,  a  time  dependence  in  the  structure  and 
dynamics  of  the  polar  thermosphere  is  Induced  by  the  diurnal  rotation  of  the  entire 
geomagnetic  polar  regions  each  UT  day  about  the  geographic  poles.  The  diameter  of  the 
auroral  oval  also  expands  and  contracts  under  the  influence  of  the  changing  conditions  in 
the  solar  wind,  with  an  associated  modulation  of  the  electric  potential  across  the  polar 
cap  (which  causes  higher  or  lower  ion  drift  velocities,  ion  drag  and  frictional  and  Jcule 
heating).  Regions  of  magnetospherlc  energetic  particle  precipitation  roughly  covary 
with  convection  patterns,  varying  the  location  and  magnitude  of  the  signatures  of 
magnetospherlc  processes  dramatically  / 9- 15/. 

In  the  real  thermosphere,  tidal  and  gravity  waves  propagate  from  sources  within  the 
troposphere,  stratosphere  and  mesosphere  72>-2 5/.  The  propagation  of  these  tides,  and 

of  planetary  wave  features  associated  with  lower  atmospheric  meteorology  cause  significant 
perturbations  within  the  lower  thermosphere,  and  can  be  traced  at  upper  thermospheric 
heights  (  300  km  and  above).  There  are  still  few  observations  above  about  120  to  1R0  km, 
where  meteor  radar  (60  to  110  km)  and  incoherent  scatter  radar  data  have  contributed. 

The  energy  associated  with  the  dissipation  of  such  tides  and  waves  from  the  lower 
atmosphere  (of  the  order  of  1  erg  cm-2)  has  a  considerable  efrect  (10  -  30K)  on  the  mean 
temperature  as  well  as  on  winds  within  the  upper  mesosphere  and  the  lower  thermosphere. 

The  thermosphere  also  shows  a  violent  time-dependent  response  to  Intense  geomagnetic 
forcing  during  major  disturbances.  Some  examples  of  this  direct  response  to,  and  of  the 
recovery  from,  Intense  geomagnetic  disturbances  are  discussed  In  720,26-29/. 

THEORETICAL  SIMULATIONS  Or  THE  THERMOSPHERE  FOR  STEADY  SOLAR 

AND  GEOMAGNETIC  INPUTS 

The  seasonal  and  geomagnetic  variations  of  thermospheric  structure  and  dynamics  are 
described  in  this  paper  with  reference  to  'steady  state'  simulations  for  the  June  and 
December  solstices.  Three  levels  of  geomagnetic  activity  will  be  represented  In  these 
Simulations,  in  addition  to  an  illustration  of  the  significant  ejects  or  the  ' Y' 
component  of  the  Interplanetary  Magnetic  Field  (IMF).  In  total,  some  30  individual 
global  simulations  are  available  as  a  data  base,  from  which  the  subset  of  representative 
models  shown  here  have  been  selected.  Purely  for  Illustration,  the  rigures  shown 
illustrate  structures  and  variations  at  Pressure  Level  12  of  the  model.  This  corresponds 
roughly  to  an  altitude  of  about  320  km  (average  conditions)  and  la  representative  of 
processes  In  the  middle  F2  region  of  the  ionosphere.  It  is  also  a  region  which  is  well 
sampled  by  satellite  borne  observations ,  by  radars,  and  by  ground-based  Fabry-Perot 
interferometers. 

Figure  la,  represents  the  global  wind  and  temperature  distribution  at  the  June  21  solstice, 
Northern  hemisphere  summer  /  Southern  hemisphere  winter,  at  low  solar  (F  10.7  cm  flux 
of  atout  80)  and  low  geomagnetic  (K 1)  activity.  In  figure  lb,  the  mean  molecular 
weight,  total  density,  atomic  oxygen  density  and  summed  molecular  oxygen  /  molecular 
nitrogen  density  are  shown  for  the  same  conditions.  The  geomagnetic  input  is  represented 
Cy  a  30  KV  cross-cap  potential,  on  a  contracted  auroral  oval,  and  with  no  particle 
precl pi ta lion,  and  the  global  use  of  the  Chiu  ionospheric  model. 

Figure  2a,b,  represent  the  global  wind  and  temperature  distribution  and  composition  (etc) 
at  the  Dec.  21  solstice,  Northern  Hemisphere  winter  7  Southern  Hemisphere  summer,  for  a 
condition  of  moderately  high  solar  activity  (F  10.7  cm  flux  of  about  165)  and  average 
geomagnetic  activity  2  ).  The  E2/A2  polar  electric  fields  715,21/  have  been  used, 

with  the  global  Chiu  ionospheric  model. 

Both  these  models  are  illustrated  at  18  UT.  There  are  significant  geomagnetic  signatures 
in  both  longitudinal  and  UT  effects,  even  at  the  low  activity  level.  For  example,  the 
enhancement  of  thermospheric  winds  around  the  auroral  oval  and  polar  cap  (Figure  la)  is 
quite  clear  in  both  summer  and  winter  hemispheres.  The  diurnal  rotation  of  the  entire 
geomagnetic  polar  regions  about  the  geographic  poles  causes,  in  addition  to  the  physical 
translation  of  the  polar  regions,  a  diurnal  (UT)  modulation  of  the  solar  photo-lonisatlon 
within  the  polar  and  auroral  regions  cf  rapid  Ion  convection  and  of  the  enhanced 
magnetospherlc  particle  precipitation.  This  UT  modulation  of  photo-lonlaatior.  throughout 
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the  geomagnetic  polar  regions  causes  quite  considerable  diurnal  and  seasonal  /  latitudinal 
changes  in  polar  conductivities,  ion  drag  and  ohmic  dissipation  at  all  seasons  and  activity 
levels. 

To  simulate  (Figure  3)  a  level  of  higher  geomagnetic  disturbance  (Kg''*  4*),  the  same  polar 
electric  field  (B2/A2)  is  used  as  for  the  simulation  shown  in  Figure  2  a,b.  The  ionising 
and  heating  properties  of  magnetospheric  energetic  electrons  / 6 /  appropriate  to  moderately 
disturbed  geomagnetic  conditions  have  also  now  been  Introduced.  There  is  considerable 
direct  heating  caused  by  these  particles,  particularly  by  soft  electrons  which  are 
Introduced  into  the  dayslde  polar  cusp  region,  and  into  the  polar  cap.  These  particles 
also  enhance  plasma  densities  /  111— 15,  >7—19  / ,  ion  drag  momentum  coupling  from  the  polar 
convective  ion  flow,  and  frictional  and  Joule  heating  throughout  the  entire  auroral  oval 
and  polar  cap. 

Figures  1,  2  and  3  demonstrate  the  major  changes  which  result  from  the  seasonal  and 
latitudinal  variations  of  solar  Insolation.  Under  both  quiet  and  disturbed  geomagnetic 
ccnditions,  tne  summer  polar  region  of  the  upper  thermosphere  is  several  hundred  degrees 
K  hotter  than  the  winter  pole.  As  the  solar  activity  level  Increases,  the  diurnal  and 
hemispheric  temperature  amplitudes  are  very  close  to  proportional .  As  the  geomagnetic 
input  increases,  the  ratio  of  maximum  summer  polar  temperature  to  the  minimum  (winter, 
nign  mid-latitudes  at  04  L.T.)  also  increases.  In  the  model,  this  is  due  to  increasing 
load  on  the  magnetospheric  electric  field  due  to  the  back-ground  E  and  lower  F  region 
plasma  densities.  The  real  thermosphere  appears  to  respond  In  a  similar  way,  although 
tne  empirical  oata  base  does  not  provide  enougn  Information  to  confirm  whether  the 
Increased  power  demand  resulting  from  the  higher  plasma  densities  in  the  summer,  sunlit, 
polar  cap,  can  be  met  by  magnetosphere  capacity.  It  Is  thus  not  clear  that  the  correct 
mechanism  is  fully  understood. 

In  the  winter  polar  region,  mid  latitude  and  equatorial  regions,  atomic  oxygen  is  the 
dominant  atmospheric  constituent  of  the  F-reglon.  In  the  summer  polar  region,  however, 
atoalc  cxygen  and  molecular  nitrogen  are  of  roughly  equal  number  densities.  A  detailed 
analysis  of  the  compositional  and  temperature  variations  as  a  function  of  Universal  Time 
and  geomagnetic  activity  shows  that  the  enhancement  is  closely  associated  with  the  summer 
geomagnetic  polar  region  /I2/.  The  light  atomic  species  (0,  He)  are  enhanced  in  those 
regions  where  there  is  persistent  downwelllng,  such  as  In  the  winter  polar  night  region 
/30/.  There  Is  a  complementary  strong  enhancement  of  heavy  species  ( ,  Ar.  COg)  in  the 
summer  polar  region,  which  la  permanently  sunlit  for  some  months  around  tne  solstice, 
where  there  is  persistent  upswelling.  Significant  geomagnetic  healing  enhances  this 
trend.  Thus  the  simulations  of  more  disturbed  geomagnetic  conditions  show  the  greater 
enhancements  of  molecular  nitrogen,  and  complementary  depletion  of  atomic  oxygen,  in  the 
summer  polar  region. 

The  influence  and  signatures  of  the  high  latitude  geomagnetic  Inputs  of  energy  and  momentum 
are  relatively  easy  to  identify.  Strong  anti-sunward  winds  blow  over  the  geomagnetic 
polar  cap.  A  cross-polar  cap  wind  of  about  200  m/sec  would  exist  due  to  solar  heating 
in  the  absence  of  any  high  latitude  geomagnetic  input.  Tnla  wind  is  augmented  by  a 
combination  of  ion  drag  acceleration  over  the  polar  cap,  and  the  convergent  sunward  winds 
in  both  the  dusk  and  dawn  parts  of  the  auroral  oval.  The  sunward  winds  in  tne 

dusk  and  dawn  parts  of  the  auroral  oval,  which  are  stronger  in  the  dusk  than  dawn  part  of 

the  oval  /9.17.18/,  are  Induced  by  ion  drag.  There  is  an  Intensification  of  these  sunward 

winds  by  a  factor  of  2  -  4  between  the  'quiet'  and  the  'disturbed'  models.  At  the  same 

time,  tne  cross  polar  cap  winds  increase  from  250  to  more  than  500  m/sec. 

Geomagnetic  heating,  Increases  the  high  latitude  heat  inputs  for  relatively  disturbed 
conditions,  which  creates  increased  diurnal  mean  meridional  wind  components  from  the 
summer  to  the  winter  hemisphere,  of  the  order  of  30  m/sec  at  middle  latitudes  /12/. 

The  figures  which  display,  respectively,  the  quiet  and  disturbed  geomagnetic  conditions 
for  the  June  or  December  solstices,  show  the  enhancement  of  polar  winds,  and  the 
Intensification  of  temperature  and  composition  changes  with  Increasing  geomagnetic  activity 
Localised  regions  of  particularly  strong  temperature  and  density  increase  can  be  associated 
with  the  dayslde  polar  cusp.  In  the  summer  polar  region,  under  disturbed  geomagnetic 
conditions,  the  enhancement  of  heavy  species  [N2]  and  depletion  of  light  atomic  species 
[0]  is  such  that  atomic  oxygen  becomes  a  minor  species.  This  has  a  ma^or  effect  causing 
average  plasma  densities  in  the  sunlit  summer  polar  region  to  be  rather  lower  than  those 
in  the  dayslde  sunlit  winter  polar  region  / 3 ' / .  This  process  presumably  Is  caused  by  the 
charge  from  atomic  Iona  (0*  )  in  the  winter  polar  region  to  molecular  Ions  (NO*  ,  O^*)  in 
the  summer  polar  region,  resulting  in  an  Increase  in  the  effective  recombination 
coefficient. 

Figure  4  a.b  shows  the  elgnlflcent  changes  In  wind  and  temperature  patterns  (which  are 
also  seen  in  composition  and  density)  resulting  from  a  switch  of  the  'Y'  component  of  the 
IMF.  for  otherwise  similar  levels  of  geomagnetic  and  solar  activity.  Maximum  antl- 
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aunward  winds  are  found  on  the  dusk  (A2)  not  dawn  (B2)  polar  cap,  while  the  temperature  (and 
reart  molerilar  weight)  maxima  have  similar  changes.  Parameterlsatlon  of  geomagnetic  effects 
requires  more  than  a  simple  description  of  the  global  geomagnetic  activity  level  if  the 
resulting  simulation  is  to  be  reasonably  representative  of  local  as  well  as  global  mean 
tr.ermospherlc  conditions.  Comparing  Figure  A  (00  UT)  with  Figure  2  (18  UT)  shows  the 

extent  of  UT  modulation  of  the  polar  regions  in  the  intervening  six  hours. 

Ir.  the  future,  using  fully  coupled  self-consistent  thermospheric  and  ionospheric  models 
/j2/,  if  the  global  geomagnetic  input  can  be  described  with  realism,  it  will  be  possible  to 
carry  out  a  moderately  accurate  prediction  of  therroospher ic  conditions.  The  polar  lon- 
osphere/ffiagnetosphere/magnetopause/solar  wind  coupling  has  yet  to  be  completed  to  the  level 
of  thermosphere/lonosphere  coupling,  but  some  interesting  early  results  are  now  being 
obtained.  Lastly,  thermosphere  models  are  now  capable  of  including  terms  such  as  the 
coupling  of  tidal,  gravity  wave  and  seasonal  latitude  variations  of  mesopause.  These  cause 
relatively  minor  effects  in  the  upper  thermosphere,  but  do  make  significant  changes  to  wind, 
temperature  and  density  structures  within  the  lower  thermosphere  12 3-35/. 
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ABSTRACT 

Thermo epherio  densities  were  determined  from  the  orbital  data  of  four 
satellites  covering  a  height  range  of  266  to  500  km  during  1975  to  1962. 
Using  three  different  thermospherio  models  (DTM,  MSIS,  C),  the  index 
characterizing  the  semi-annual  density  variation  was  computed  and  catalysed 
with  respeot  to  height  and  time  using  a  regression  by  Fourier  series* 

A  general  formula  for  the  semi-annual  density  variation  was  derived* 

The  new  formula  gives  results  similar  to  C1RA  72  at  lower  heights  but 
displays  a  greater  range  of  amplitudes  at  higher  altitudes  ana  a  shift 
of  extrema  with  growing  height  towards  later  days* 

INTRODUCTION 

The  study  of  the  semi-annual  density  variation  is  based  usually  on  the  ana¬ 
lysis  of  the  ratio  of  the  observed  density  versus  the  modelled  density 
oorreoted  for  all  other  known  physical  effects*  The  variations  of  this 
density  index  are  often  fitted  by  a  ourvs  drawn  through  the  values  by  hand* 
To  avoid  the  subjectivity  in  this  prooesa  we  lsed  regression  ourves  given 
as  Fourier  series  of.  the  second  order* 

DATA,  REDUCTION  METHOD  AND  RESULTS 

We  had  at  our  disposal  the  orbital  elements  of  four  satellites  i  ANS  (1974 
10k),  Interkoamos  10  (1973  82A),  Interkosmos  11  (1974  34A)  and  Interkosmos 
14  (1975  115A).  The  densities  were  determined  from  the  observed  drag  effeot 
by  the  formulae  of  King-Hale  /l/«  The  data  oovered  the  period  from  1975 
to  1982  and  the  height  range  from  266  to  500  km.  The  models  used  for  the 
determination  of  the  density  index  were  DTM  / 2/,  MSIS  /3/  and  the  C  model 
by  Ktthnlein  /4/. 

The  semi-annual  variation  of  the  density  index  D  was  decomposed  into  the 
annual  and  semi-annual  oomponent  aooording  to 
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where  d  is  the  day  oount  in  the  year,  A1  and  c p,  are  the  amplitudes  and 
phases  to  be  found*  1 

The  data  gave  aotually  11  sets  of  the  yearly  ohanges  of  the  density  index 
for  eaoh  model  used*  The  33  individual  results  for  A,  and  tp,  are  given 
explioitely  elsewhere  /5/*  1 

The  values  of  A>  and  tp  were  then  subjected  to  linear  and  quadratio 
regression  to  find  their  possible  height  dependence*  The  final  formula 
for  the  semi-annual  density  variation  was  found  to  be 
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^SJl  lo«  p  *  +  1.375x10“*  fa)  008  (  Q  (d  ♦  30.94))  ♦ 

♦  (-0.3206  ♦  1.443x10“*  fa  ♦  7.714xlO”7  fa2)  (1 

ooa  ( 2Q  (d  ♦  101.45  -  0.0927  fa), 
who  re  Q  m  2  n  /36  5  and  the  height  fa  la  given  In  km. 

The  formula  lnoludas  tfao  height  dependenoo  of  tfao  amplitudes  and  also  the 
height  variation  of  the  phases  of  the  semi-annual  term,  whioh  gives  rise 
to  the  shift  of  the  extrema  with  height. 

COMPARISON  WITH  OTHER  MODELS 

The  formula  (1)  oan  be  oompared  to  those  by  Jaoohla  /9,10/.  Pirst,  it  is 
the  formula  included  in  the  CIRA  72  model  and  seoondly,  the  formula  very 
similar  to  ours  but  having  the  phases  constant  in  time,  figure  (1)  shows 
the  changes  at  400  km  as  given  by  the  three  expressions. 


0  182.5  365 

Pig.  1.  Semi-annual  component  of  the  variation  of  the  upper-atmosphere 
density  at  the  height  of  400  km.  The  ourves  given  by  Jaoohla  (J)  /9/, 
Jaochla-Volland  (V)  /10/  and  Sehnal  (this  issue) 


Pig.  2.  The  shifts  of  the  extreme  values  of  the  semi-annual  density 
variation.  Individual  values  (dots)  found  by  Boulton  /8/.  Walker  /&/ 
and  Moore  /7/.  Pull  line  is  the  regression  line  through  them,  dashed 
lines  correspond  to  the  equation  (1)  of  this  issue. 
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Va  oheoked  tha  data  aa  given  by  soma  other  authors  to  find  a  possible  shift 
of  extrema  with  height.  Papers  by  Walker  /6/,  Moore  / 7/  and  Boulton  18/ 
give  several  individual  values  summarised  in  Table  1. 

Table  1  Dates  (in  day  oount)  of  extrema 


Height 

Jan.  min. 

Apr.  max. 

June  min. 

Oot.  max. 

Author 

245 

51 

110 

215 

304 

Walker  161 

240 

18 

98 

198 

331 

232 

18 

77 

201 

213 

48 

303 

Moore  111 


Boulton  /8/ 


f.-65 

r'.'atao  sphere 

/a/. 


The  above  values  were  then  subjected  to  a  linear  regreaaion.  The  situation 
le  shown  on  Figure  (2)  where  we  see  the  individual  data  as  well  aa  the 
regreaaion  lines.  Moreover,  the  shift  as  defined  by  equation  (1)  la 
included,  too.  We  oan  see  a  good  agreement  of  the  slopes  of  the  shifts 
of  the  April  maxima,  June-July  mln-ima  and  of  the  Ootober-Novsmber  maxima, 
too.  An  interacting  situation  appears  at  the  January  minimum  where 
a  deorease  of  the  time  with  height  was  found.  Ths  times  of  January  minimum 
aa  derived  by  equation  (1)  would  be  first  growing  to  a  height  of  about 
440  km  and  then  deareasing. 
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Pig.  3.  Rise  of  the  ratio  of  the  Ootober  maximum  to  the  June  minimum 
values.  Individual  values  (dots)  and  the  regression  curve  (I)  through 
them  are  given.  Line  C  oorreaponde  to  CIRA  72  and  ourve  3  to  the 
equation  (1)  of  this  issue. 
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The  equation  (1)  defines  also  a  faster  rise  of  the  range  between  the 
extrema  with  height*  figure  (3)  shows  the  oourse  of  the  ratio  of  the 
density  Index  of  the  Ootobar— November  to  the  June— July  ml nlmun 

with  height.  The  Individual  values  found  by  the  authors  quoted  are 
inoluded,  too* 
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ABSTRACT 

Mathematical  expressions  for  models  of  the  upper  atmosphere  total  density 
distribution  and  variation,  to  be  used  for  the  analytical  determinati on  of 
drag  effects,  are  developed.  The  models  are  computed  by  a  transf ormation  of 
the  other  model  values  of  the  thermosphere  and  from  the  obsei’ved  data. 

INTRODUCTION 

The  aim  of  the  paper  consists  in  establishing  a  model  of  the  distribution 
and  variation  of  the  upper  atmosphere  density  which  would  be  suitable  for 
the  analytical  description  of  the  artificial  satellite  motion  under  the 
drag  effects.  The  model  should  be  simple  enough  to  allow  the  necessary 
mathematical  treatement  and  be  complex  enough  to  express  the  density  values 
with  sufficient  accuracy.  Then,  if  we  succeed  with  the  analytical  perturba¬ 
tion  theory  and  the  changes  of  the  elements  will  depend  on  the  constan3  of 
the  atmospherical  model,  the  process  may  be  reversed  to  determine  the 
constans  from  the  observed  perturbations  directly. 

Basically,  such  a  process  is  used  to  construct  the  models  of  the  Earth 
gravity  field  (Earth  models).  However,  since  the  present  drag  theories 
compute  the  perturbations  using  just  a  simple  atmospheric  models  one  has  to 
compute  the  density  first  and  to  derive  the  atmospheric  models  by  adjust¬ 
ment  to  the  density  values  instead  to  the  perturbations  directly 

MATHEMATICAL  EXPRESSION  OP  THE  DENSITY  DISTRIBUTION 

First,  we  express  the  density  distribution  over  a  Bpherical  surface  using 
the  spherical  harmonics  functions.  This  is  essentially  the  same  procedure 
used  in  the  aeronomic  models  of  the  atmosphere  (MSIS,  DTM,  etc.)  except 
that  they  consider  the  densities  of  the  individual  atmospheric  constituents 
separately.  Following  that  pattern,  we  shall  try  to  express  the  density 
distribution C* s  over  a  given  surface  as 

^  =  A  .j  (F-i  )  +  Ag  F  +  A ^  Kp  +  A^  P.j  +  A^  Pp  +  Ag  P^  + 

+  k~j  sin  (Cl  d  +  )  +  Ag  sin  (2 iY  d  +CT.  p)  + 

+  Ag  RW  sin  (STL  d  +  )  +  A^  RW  sin  )  20 d  +  .£1  ,  )  •+  (1( 

+  A^  P1  sin  (caj  t  +  j  )  +  A^p  Pp  sin  (  2co  t  +  u>  p )  + 

+  A 1  ^  RW  P^  sin  (  cZ>  t  +  to  j )  + 

+  A ir  RW  Pp  sin  (  2  co  t  +  d>,). 


Here,  F.,Qnd  F_ is  the  solar  flux  for  day  -  1  and  mean  solar  flux,  reap, 

(in  Wm"  Ho”1),  A  is  the  geomagnetic  index  and  P™  (4>)  are  the 

Legendre  polynomials  ana  associated  functions  of  the  latitude  'f  .  Also,  d 
is  the  day  count  in  days  (A  =  Pv/365)  and  t  is  the  local  solar  time  in 
hour's  (cZ»  =  2V/2  4.) 


(10)203 


L.  Sehn.il 


RiV  id  a  iactor  of  the  change  of  amplitudes  of  the  periodio  terms  with  alti¬ 
tude,  KW  =  (s  -  z). 

At  this  point,  the  method  reminds  that  of  Marcos  and  Champion  /I/,  over  a 
certain  spherical  surface. 

Height  dependence  was  chosen  with  respeot  to  the  usual  exponential  law  of 
density  decrease  with  altitude.  Supposing  the  coeficients  of  $  change 
with  height  in  an  exponential  manner,  we  selected  a  series  of  expressions 
(1  )  as 


where  O  ^  corresponds  to  (1)  with  changing  coefficients  A,  ^  ,  z  and 

2  arc  f:.8  altitudes  and  the  constant  H  should  be  chosen  30  that  u 

kh  would  correspond  to  the  values  of  the  real  density  scale  heights  within 
the  height  interval  in  question. 


PERTURBATION  THEORY 


The  principal  question  is  the  transformation  of  f  for  use  in  the  equation 
for  the  c bulges  of  the  orbital  elements*  e.  g. ,  in  case  of  the  semi-major 
axis  a  we  have 


(1  +  e 

coa 

R' 

Cl  -  e 

COd 

T 

r1 
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where  e  and  E  are  the  excentricity  and  the  excentric  anomaly,  reap.,  and  cf 
is  the  coefficient  containing  the  physival  oonstans  of  the  satellite  and 
tile  effect  of  the  rotation  of  the  atmosphere. 

The  transformation  is  then  to  be  done  by  formulas  known  from  the  celestial 
mechanics,  which  change  principally  the  parameters  used  in  the  definition 
of  the  density  ,  eq.  (2),  into  the  orbital  elements  and  time  dependent 
terms.  Then,  we  can  integrate  over  one  revolution  of  the  satellite  to  get 
the  changes  of  the  semi-major  axis.  Since  the  definition  of  p  contains  the 
coefficients  A.  in  linear  form.j > ~ (A.),  we  can  reverse  the  procedure 
to  get  the  changes  of  a  again  as  a  function  linear  in  the  coefficients  A., 
a(A.).  Using  this  formulation,  we  would  be  able  to  construct  the 
model  of  total  density  directly  from  the  perturbations  of  the  orbital 
elements  without  the  intermediate  determination  of  the  density  values.  The 
process  of  the  reverse  transformation  might  be  very  cumbersome*  therefore, 
the  computer  algebra  minipulation  is  to  be  recommended. 


Tig.  1.  Annual  changes  of  the  thermospherio  density  (kg/m as 
given  by  CIRA  72  and  MTD  transformation  model. 


First  pro 
total  den 
coefficie 
known  mod 
us inf  the 
the  CIRA 
good  to  e 
orbital  c 
the  model 
due  to  tl 
number.  1 
determine 
Hite  dyi 


Models  of  Thermosphere  Tolal  Density 


(1 0)1115 


Bra 


K(2) 


[?thln 


‘nd  <$ 


MODELS  OP  TOTAL  DENSITY 

First  problem  of  this  whole  method  is  to  justify  the  description  of  the 
total  density  by  eq.  (1)  and  (2).  Therefore,  we  determined  the 
coefficients  A;  by  the  least  squares  method,  using  the  data  from  several 
known  models,  e.  g. ,  CIRA  72  /I/  and  DTM  /2 /.  Examples  of  the  results 
usinf  the  CIRA  72  model  are  plotted  on  Figures  1  and  2,  The  agreement  of 
the  CIRA  values  and  of  our  MTD  (Model  of  Total  Density)  is  sufficiently 
good  to  approve  the  usage  of  eqs,  (1)  and  (2)  for  observed  data.  The 
orbital  data  od  satellites  1973-82  A  and  1974-70  A  were  used  to  determine 
the  model  MTD  2.  'In  this  case,  however,  much  greaser  differences  appeared, 
due  to  the  imperfection  of  the  initial  density  data  and  to  their  limited 
number.  Nevertheless,  the  method  proved  its  capability  to  be  used  for  the 
determination  of  the  total  density  model  and  its  use  for  solving  the  sate¬ 
llite  dynamics  problems. 
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Fig.  2.  Variations  of  thermospheric  density  (kg/nr)  with  the 
geomagnetic  index  K  ,  as  given  by  CIRA  72  and  MTD  model. 
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Fig.  3.  Height  changes  of  the  thermospheric  density  (kg/m") 
compared  to  the  MTD  models,  derived  from  the  observations  (o)  or 
from  the  CIRA  72  values. 
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ABSTRACT 

A  computer  model  ol  the  global,  time -dependent,  thermospheric  horizontal  vector  neutral  wind  jnd  neutral  temperature  fields 
hjs  been  constructed  based  on  output  from  the  NCAK  thermospheric  genera)  circulation  miMcl  iNCAR  TCCM)  The  w  uul  field 
is  represented  by  a  vector  spherical  harmonic  I VSH)  expansion  in  the  horizontal,  a  fourier  expansion  m  Universal  \  ime.  and  a 
polynomial  expansion  in  altitude  The  global  temjierature  field  representation  dillcrs  in  that  a  scalar  spherical  hunnoiik 
expansion  is  used  in  the  hon/onial  and  a  Hates  model  temperature  profile  is  used  in  altitude  A  set  of  suitably -truncated  sfvstf  d 
coefficients  contains  the  wind  and  temperature  description  for  a  diumully  reproducible  run  of  the  NCAR-TGCM  The  V  SH 
niinJcl  is  coded  in  a  FORTRAN  subroutine  that  returns  vector  wind  and  temperature  values  lor  a  given  UT.  geographic  location, 
ami  altitude.  The  model  has  applicability  for  studies  of  thermospheric  and/or  ionospheric  physics  where  reasonable  lime 
defvnJenl  neutral  wind  and  (em(K*ra(ufc  values  are  of  interest  The  routine  is  novel  .since  portable  computer  models  of 
thermospheric  wind  fields  have  not  previously  been  available  to  researchers  The  cunent  version  ol  the  model  is  valid  tor  solar 
mjimium.  IX’cember  solstice  only,  although  the  model  can  be  extended  toany  season  and  specific  set  of  geophysical  conditions 
tor  winch  IGCM  results  arc  available.  Results  from  the  VSH  computer  tihkIcI  arc  presented  to  compare  with  global -si  ale  wind 
measurements  trom  the  Dynamics  I  xploier  tDF-2)  satellite  The  agreement  between  the  computer  model  results  and  data  from 
individual  orbits  of  DE-2  is  good,  indicating  that  the  model  provides  reasonable  wind  values,  having  the  appropriate 
characteristic  latitudinal,  diurnal,  and  Universal-Tuue-depcndcnt  signatures  observed  from  the  satellite  at  upper  thcimospfieiic 
altitudes  The  VSH  thermospheric  temperature  values  arc  in  gcncrjl  agreement  with  MSIS-83  temperatures  but  illustrate 
smaller  scale  horizontal  temperature  structures  than  arc  resolved  by  MS1S-K3.  owing  to  the  larger  number  of  spectral  harmonics 
retained 

1  INTRODUCTION 

Significant  progress  has  been  nude  over  the  last  several  years  in  the  modeling  and  empirical  description  of  the  global  thermospheric 
neutral  wind  and  temperature  system  The  Dynamics  Explorer  (Of:  2)  spacecraft,  in  particular,  was  instrumented  to  measure  the 
thermospheric  vector  wind  and  temperature  along  the  track  of  the  polar-orbit ing  spacecraft  /l-.V  Published  results  from  this 
mission  have  served  to  characterize  the  global-scale  thermospheric  wind  field  lor  the  solar  maximum  conditions  pertaining  to  the 
Il/N  I  -  IWN3  period  ;3-V/.  In  addition  to  the  new  information  provided  hy  the  Dl.  2  spacecraft  jiiJ  other  experimental  techniques,  the 
ihcoreiic.il  understanding  of  thermospheric  motions  has  progressed  rapidly  Various  theoretical  models  exist  that  can  simulate  the 
dynamical  response  of  the  upper  atmosphere  for  a  variety  of  geophysical  conditions.  In  particular,  two  numerical  genual 
circulation  models,  the  NCAR-'KiCM  / 10,  I  1/  and  the  UL'L-TGCM  / 1 h  have  liad  a  large  measure  ol  success  m  cak ulaiing  w ind 
and  tcmpcratuic  fields  similar  to  those  observed  from  Dl.  2  >b.  9.  13-17/  The  sjx:clral  model  of  SUnr  ct  at  1 1 S  /  has  also  provided 
significant  additional  insight  into  global-scale  thermospheric  dynamics 

In  spite  of  these  recent  theoretical  modeling  efforts,  no  simple  "user-friendly"  computer  model  of  the  global  thermospheric  w  ind 
field  has  been  previously  constructed  to  enable  neutral  winds  lo  be  conveniently  used  In  other  theoretical  studies  or  in 
straightforward  comparisons  with  new  data  sets.  The  underlying  reasons  for  this  situation  involve  the  sophistication  and  complexity 
of  die  KiUMs  and  the  large  physical  size  of  the  data  arrays  necessary  to  contain  the  numerically  simulated  wind  holds.  Mourner, 
the  fragmentary  nature  ol  the  global-scale  wind  measurements  collated  to  date  from  all  experimental  sources  has  postponed  the 
construction  of  a  purely  empirical  model  f  or  thermospheric  temperatures,  the  situation  is  better  in  that  semi-empirical  models, 
such  js  the  MSIS-M3  model  ol  ffedin  /IV/.  have,  for  many  years,  provided  researchers  with  reliable  values  for  thermospheric 
temperatures,  incorporating  explicit  dependences  on  geomagnetic  activity,  solar  activity,  and  season 

The  purpose  of  this  report  is  to  describe  a  new  computer  model  of  the  global,  horizontal,  thermospheric  vector  wind  and  neutral 
temperature  structure  from  130  lo  bOOkni  altitude.  We  call  it  the  VSH  model,  since  it  contains  a  description  ol  the  wind  field  using 
vex  lor  spherical  harmonics  The  new  model  is  based  on  a  sfKrclral  expansion  ol  the  godded  output  wind  and  temper  .uurc  fields 
provided  by  specific  runs  of  the  NCARTGCM  As  such,  the  physical  description  provided  by  the  VSH  model  is  determined  by  the 
physical,  chemical  and  dynamical  processes  contained  within  the  NCAR-TGCM  structure  The  VSH  model  Innmil.ttion  docs  not. 
as  yet.  include  an  explicit  dependence  on  season,  solar  cycle  or  geomagnetic  activity  level  It  docs,  however,  allow  for  sm  h  dice  is 
to  be  catered  lor  through  generation  of  separate  sets  of  VSH  model  coefficients,  each  of  which  describes  spec  died  geophysical 
conditions  and  shares  a  common  retrieval  subroutine 

The  VSH  model  is  coded  in  a  FORTRAN  subroutine  that  returns  vector  wind  and  temperature  values  for  a  given  l  >T.  geographic 
location,  and  altitude  It.  therefore,  has  applicability  for  many  studies  of  thermospheric  and/or  ionospheric  physics  when* 
reasonable.  IJT  dependent  neutral  wind  profiles  or  single  point  values  arc  of  interest  Wc  note  that  portable  computer  models  of 
thermospheric  wind  fields  have  not  previously  been  available  lo  researchers  The  VSH  model  temperature  values  are  <*!  miriest  for 
iwo  reasons  f  irstly,  they  enable  the  temperature  predictions  of  the  NCAR  -TGCM  to  be  made  generally  available  for  comparison 
wiih  measurements  and  scmi-empincal  models  Secondly,  since  the  number  of  spectral  coefficients  retained  in  the  VSH 
represent. if  ion  is  large  compared  with  MSJS-K3  and  other  semi -empirical  models,  the  VSH  temperature  fields  tontain  localized 
lempcralure  structures,  such  as  cusp  temperature  enhancements,  that  arc  commonly  filtered  out  of  the  scmi-rmpn  ic  al  models  This 
Lot  feature,  of  course,  crimes  at  the  expense  of  computer  time  (sec  below) 
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The  current  version  of  the  VSH  model  is  valid  lor  volar  maximum.  December  solstice  conditions  only,  allhough  (he  mode!  can  be 
extended  lo  any  season  and  any  set  ol  geophysical  conditions  lor  which  I  GCM  results  arc  available.  The  tormulalion  o(  hie  VSH 
model  has  been  designed  (o  allow  lor  experimental  data  to  be  included  in  the  lilting  pfoccdurc,  enabling  (lie  lutuic  development  of  4 
wnn -empirical  model  ol  thermospheric  winds  through  (he  suitable  merging  o!  experimental  measurements  with  the  TGCM  griddal 
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fn  wet  ion  2,  we  describe  the  formulation  of  the  new  computer  mode!  (n  we  lion  3.  we  prevent  rcvuliv  from  ihe  model  or  a  volar 
maximum,  December  volvucc  cave  corresponding  (o  moderately  active  geomagnetic  conditions,  and  compare  (heve  with  I) 
global-wale  wind  measurements  Irum  the  DU  2  vpaccerall  and  2)  tcinpeiature  piuldcv  trom  the  MMi>-b3  seim-cmpiiical  model. 
In  wction  4  we  summarize  oui  results  and  discuss  (he  utility  of  the  V  SI i  model  and  future  planned  developments 


2  VSH  MODliL  FORMULATION 


The  basis  lor  the  VSH  model  is  a  spectral  expansion  ol  output  from  the  NCAK-TGCM  The  expansion  is  performed  as  part  of  the 
l CL M  diagnostic  package  described  by  Killeen  and  Ruble  /2U/  We  briefly  discuss  the  IGCM  and  the  spec  die  output  used  in  the 
piescnt  work  beloie  describing  the  lormulalion  ol  die  VSH  model. 

I  he  NCAK-TGCM  has  been  discussed  in  detail  in  a  series  of  papers  /  IU,  II.  13.  14/  and  here  we  review  only  the  basic  leaturcs  The 
1  Uc  M  solves  the  hydiodyiiaimc.  thciinodynamie  and  continuity  equations  appiopi  utc  to  the  Laitli's  thermosphere  lor  a  given  set 
ol  geophysical,  lime-dependent  input  conditions  and  stores  the  calculated  wmJ.  teni|vratuic  and  composition  (mass  mixing  ratio) 
output  lields  at  selected  Universal  Tunes  (UTs)  during  the  model  run  The  model  has  a  V  latitudc-by -longitude  grid  with  24 
w<mstaii(-piessuie  suilaccs  m  the  vertical,  extending  Iroiu  appioxmiaiciy  V7  »o  SOU  km  111  altitude.  I  he  veisnm  ol  the  I  UCM  used  in 
tins  woik  mcoi  (volutes  the  coupling  ut  dynamics  and  tum|x^silioii  / 2 1 /  aiiJ  calculates  the  solar  heating  distribution  and  0> 
pi  ion  dissociation  rates  using  the  procedure  described  by  Unkmuui  ei  ol.  / 10,  21/.  The  Ihniere^^er /22i  solar  l.U  V  I  lux  values  and 
the  lorr  ei  al  i2ii  solar  UV  tlux  values  are  used  10  provide  the  diiecl  solar  input  corresponding  to  the  geophysical  conditions 
appiiipriale  to  the  pailiculai  model  run  Ihe  1O11  convention  model  ol  llteln  flt.il  / 24.  is  used  lor  ihe  sjiecil ication  ol  lugh-latiludc 
ion  do  Its  For  the  examples  discussed  here ,  the  Heelu  rial,  model  input  pai  ameters  were  chosen  to  yield  a  Volland-ty  [>c  symmetric 
ioii  convcetnm  geometry.  Ihe  Chut  / 2 5/  model  ol  ionospheric  densities  is  supplemented  by  auroral  particles  according  to  the 
ptcsni iplion  oi  Ruble  cl  ul.  /2cv  to  provide  the  1011- drag  tensor  values  necessary  lor  Hie  calculation  ol  both  the  ion-drag  momentum 
souue  and  the  Joule  heal  souicc  to  (lie  thermosphere.  I  he  auiorat  oval  used  is  similar  to  the  statistical  patterns  JcsciihcJ  by  Spiro ct 
til  27/  and  Whale  11  /2 b/.  The  TGCM  mil  used  to  construct  the  present  VSH  computer  model  has  I ven  employed  previously  in 
sevctul  theoretical  studies  and  lor  comparisons  with  DL-2  daU/0.  b,  2b/.  It  is,  Uicrcluie,  well  documented  and  we  rcter  readers  lo 
these  pajvrs  tor  more  detailed  information 

I  lie  l  UCM  diagnostic  processor  /21V  is  exercised  following  the  basic  TGCM  model  run.  It  reads  in  the  history  lilc  produced  by  the 
1UCM  as  well  as  other  relevant  input  parameters  and  then  proceeds  to  calculate  diagnostic  mlurmation  at  selected  model  grid 
}H»inis  and  U  I  s.  The  spectial  analysis  capability  ol  the  diagnostic  package,  lo  be  described  in  more  detail  in  a  lorthcommg  paper,  is 
used  to  provide  the  coefficients  lor  the  VSH  model  (see  below)  The  history  file  contains  records  ol  the  global  wind,  temperature 
and  composition  fields  calculated  by  live  IGCM  at  each  hour  of  UT  lor  the  24  hour  simulation.  Gcof)hy!>u:til  conditions 
coucspondmg  to  Dcccmhcf  solstice,  solar  maximum,  and  moderately  active  geomagnetic  conditions  (Kp  —  3)  wcic  used  ior  live 
specific  IGCM  run  that  has  provided  the  coeliiciciUs  lor  the  first  version  of  the  VSH  model,  presented  here.  Ihe  IGCM  was  run 
until  diurnal-reproducibility  was  attained,  1  e  ,  “steady-state diumally -modulated  lorcings  were  used 


I  or  the  purpose  of  the  horizontal  wind  expansion,  the  gndded  vector  wind  predictions  at  each  of  24  UTs  and  at  each  of  three 
constant  pressure  levels  (z  -  -  4,  corresponding  to  —  1 3Ukm  altitude,  z  -  -  I .  corresponding  lo -250km;  z  =  1 ,  corresponding 
to  -4UOkinj  are  expanded  using  vector  spherical  ham  ionic  1  unctions  which  are  the  appropriate  cigen-lunciiuns  lor  vector  fields  on 
the  splieie  This  expansion  (las  the  lollowmg  I01111. 

V  -  l(dWiUPai.n  t  bmabu,a  +  clllACnin)  (l) 


whcie  V  ts  the  vector  wind  field  and  a*,,  „,  bm  ,,,  cm  „  arc  the  complex  vector  spherical  harmonic  coefficients;  m  is  the  zonal  harmonic 
lot det)  and  11  is  the  degree.  Ileic, 
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The  complex  coefficients  arc  obtained  using  a  least-squares  fit  of  the  TGCM  output  winds  to  the  above  formula.  Conversely,  once 
the  coelhcienls  are  available,  the  global  wind  field  can  be  readily  reconstituted  in  whole  or  in  pan,  using  equation  1  Since  the 
resolution  ol  the  TGCM  grid  is  5  degrees,  only  those  coefficients  for  which  0  <  n  <  37  andO  <  m  <  n  are  of  significance.  We  note 
ihat  equation  I  is  an  expression  for  the  full  vector  wind,  including  the  radial  (vertical)  component  involving  Pm  „.  While  the  two 
horizontal  wind  component*  are  coupled  via  the  functions  A?’  and  H™,  the  vertical  component  is  uncoupled  and.  therefore,  can  be 
simply  expressed  in  terms  of  a  (scalar)  spherical  harmonic  expansion  involving  the  associated  Legendre  functions.  Since  the 
vertical  winds  calculated  by  the  TGCM  are  small  in  magnitude  and.  for  some  applications,  not  of  particular  interest,  we  (optionally) 
substitute  lor  the  vertical  wind  a  scalar  field  such  as  temperature  or  mass  mixing  ratio  and  use  the  coefficients  am  n  to  describe  the 
selected  scalar  field  conveniently  within  our  three-dimensional  vector  spherical  harmonic  representation.  For  the  present  VSH 
model,  we  choose  to  fit  for  neutral  temperature  to  provide  a  direct  comparison  with  the  MSIS-H3  model  The  complete  array  of 
cocllicicnts  for  the  fit  represents  a  large  set  of  numbers,  commensurate  in  size  to  the  history  file  record  of  winds  and  temperatures 
itself  Thus,  the  desired  reduction  in  the  size  of  the  set  of  numbers  describing  the  output  TGCM  fields  can  only  be  attJined  b> 
truncating  the  coefficients  Such  truncation,  of  course,  tends  to  destroy  progressively  the  fidelity  with  which  the  wind  fields  can  be 
reconstituted,  and  must  be  earned  oul  carefully  to  ensure  that  important  morphological  features  in  the  lhcrmosphen<'  w  jmJ  pattern 
are  not  lost  unwittingly.  *  t 

Figure  1  presents  contours  of  the  log  (base  ID)  amplitude  fur  the  VSH  coefficients  (real  and  imaginary)  calculated  for  the  spectral 
expansion  of  horizontal  winds  on  the  z  -  I  and  i  =  -4  constant  pressure  surfaces  at  1200UT  As  mentioned  above,  the  specific 
TGCM  run  was  chosen  since  it  corresponds  to  the  geophysical  conditions  for  which  much  of  the  DL  2  daia  applies  In  the  hgure,  the 
bottom  right  triangular  section  is  unfilled  since  only  coefficients  with  0  <  m  <  n  are  non  zero  As  can  be  seen,  the  amplitude  ami. 
thcicloic.  the  power  m  the  expansion  is  a  maximum  at  the  lower  wavenumbers.  The  amplitudes  lend  to  diminish  in  magnitude  with 
increasing  wavenumber,  as  would  be  expected,  though  the  amplitude  drops  much  more  rapidl)  with  increasing  m  than  with 
increasing  n  The  amplitudes  for  (he  z  =•  -  4  surface  are  smaller  in  magnitude  (ban  tor  the  /  ~  I  >urfjee  si  nee  the  u  inj  vj>erd>  are 
genciailv  much  reduced  at  the  lower  altitudes  (e  g  .  Ruble  etol. , /1 1/).  The  shape  ol  ihc  contours  shown  in  figure  1  provides  the  Fes 
id  the  design  of  a  suitable  truncation  scheme  to  reduce  (he  mass  of  numbers  required  for  the  spectral  representation  of  the 
thermospheric  wind  field 

LOG)0  AMPLITUDE  VSH  COEFFICIENTS 
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t  if  I  rumours  of  the  Ingarlhmit  amplitude  (base  10)  for  the  vector  spherical  harmonic  coefficients  calculated  h>  fitttnp  the 
plohal  thcrniosphcric  wind  lie  Id  calculated  by  (he  NCAR-T(K"M  are  plotted  as  a  function  o!  degree  and  order  for  the  peophvsu  al 
vonduinn,  discussed  in  the  lest  and  for  I200UT  Hgure  la  is  for  the  t  =  I  constant  pressure  surface  and  f-tpure  Ih  tor  the  /  - 
-l  constant  pressure  surlacc  Shown  in  figure  la  are  three  regions  illustrating  various  levels  of  truncation,  level  II  is  used  for 
(he  VSH  model 
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In  setting  the  level  of  truncation  tor  the  VSH  model  we  used  the  stringenuriicriun  that  the  high-latitude  c  ersals  and  vortices  m  (tic 
neutral  wind  pattern  associated  with  ionospheric  convection  should  be  retained  It  was  lound  dial  a  red  <  >«:ai  tiuucatioh  scheme  at 
n-m  space  gave  excellent  results  in  terms  of  the  fidelity  of  the  reconstituted  high- latitude  wind  field  ioi  the  mm, mum  number  ul 
eoetlments.  Three  levels  ol  truncation  are  indicated  in  Figure  la.  Level  A  corresponds  to  die  number  ot  harmonics  commonly 
retained  lor  senu -empirical  models  (eg  .  MSIS-83)  employing  scalar  spherical  harmonics  Level  C  ue  .  iiuiuaimg  die 
coclhcients  at  n  -  30.  m  »  9)  was  found  to  provide  almost  perfect  fidelity  lor  the  ncutial  wind  reconstitution  For  the  VsH  model, 
we  employ  truncation  at  level  U  (n  —  25,  m  —  5},  which  represents  a  good  compromise  tictween  mmnm/mg  the  size  ol  the  retained 
cucMuicnt  array  (and  thctelorc  the  eompuiationaJ  nine  lor  wind  syntheses)  and  keeping  die  required  high -latitude  Mind  shuduic 
Note  tlut  the  empirically-optimized  truncation  scheme  favored  higher  values  ol  n  over  m  This  i*  due  to  the  icluiively  lai^c 
amplitudes  ol  the  lilted  coefficients  lor  large  n.  small  m;  these  particular  coefficients  contain  the  tnlonnaiion  necessary  to  describe 
the  lelalively  small- scale  high-latitude  neutral  w  md  structure. 

The  VSH  expansion,  discussed  above,  is  only  for  a  single  constant-pressure  level  and  for  a  given  UT  To  extend  die  expansion  to 
include  the  temporal  evolution  of  the  wind  field  over  the  24  hour  diurnal  ltd  CM  simulation,  we  rc|*eui  the  vector  spherical 
haiiiiomc  expansion  lot  all  24  hourly  history  tile  tecoids  and  then  periorm  a  conventional  complex  loufici  tune  scites  to  lit  lu  li>c 
individual  VSH  coettieicnts  We  have  found  (hat  the  louriet  coethkicnts  so  obtained  nuy  l»e  numjkJ  sui.li  dial  only  seven 
liucluding  odd  and  even  louncr  coclhcients)  need  to  tie  stored  to  describe  the  diurnal  variation  ol  die  "steady  state"  ncutial  wu.J 
held  icasoiiabiy  well.  nicoi  isolating  the  well-known  "U  l  cltccts"  associated  wnh  the  Jiuinal  revolution  ol  the  geomagnetic  |*jIc 
athiut  i he  geographic  |k)le  Clearly  ,  tor  a  situation  where  the  ihermuspheic  is  disturbed.  suvh  as  Juimg  a  geomagnetic  stoiin, 
additional  louner  coclhcients  would  be  required  to  describe  the  more  complex  time  dcj<cnJcucc>  The  loutici  senes  iiuiuahuii 
used  here,  however,  is  adequate  tur  the  diumully -reproducible  case  The  linal  part  ol  the  expansion  deals  with  the  altitudinal 
siiukluic  ol  the  winds  and  (cmj*ci aiuies  Since  die  variation  in  altitude  ol  die  ueuti  al  thermosphei  ie  horizontal  w  md  predicted  by  the 
NCAK-TGCM  ts  relatively  miumiIi  (see.  lor  example,  figure  12  ol  Su  u  ti  ul  .  2'T .  we  eompletc  the  wind  expansion  l>>  htting  tite 
louncr  tunc  senes  coclhcients  to  a  simple,  second  order  polynomial  in  all  nude.  The  conversion  horn  const,  mi  pie  ssure  levels  to 
altitudes  is  made  using  the  Calculated  global  averages  lot  die  heights  ol  the  s|>ccdic  constant-pressure  levels  carried  lor  ward  to  die 
VSH  model.  This  conversion  introduces  small  inconsistencies  between  the  I  CA  M  and  VSH  wmd  picdictions  dial  are  nut 
considered  to  be  ol  irnpo'‘ancc  for  (he  slated  purposes  ol  the  present  work .  In  the  case  >!  the  w  md  altitudinal  vui  iuIuhi,  an  additional 
constraint  ts  placed  on  the  VSH  altitude  prolilc  to  torcc  the  individual  wind  com|H>nent  values  to  reach  constant  tie,  exospheric ) 
values  above  —  4(Xlkm.  This  cousliaint  is  justdied,  on  dieoietical  grounds,  by  the  high  kinematic  viscosity  ul  the  atmospheic  or 
these  heights  (which  (ends  to  reduce  vertical  wind  shears)  and,  un  expciiiiicntjl  giounds,  by  (he  Ul;  2  Jala  which  show  little 
altitudinal  siructutc  above  ~4(JUkm. 


For  leni|vralu/es.  we  replace  the  polynomial  altitude  expansion  with  a  two-parameter  lino  a  Bates  model  prolilc /3(J,  31/  having  the 
appropriate  moiUHunic  form,  with  the  asymptotic  (exospheric)  temperature  and  scale-height  parameter  given  by  the  Id. 

The  three  expansions,  namely,  the  VSH  expansion  in  the  horizontal  (including  the  scalar  spltcrical  lurmomc  expansion  lor 
temiKMature),  the  tourier  senes  m  tunc,  and  the  polynomial  (or  bales  profile)  expansion  m  alntude,  complete  the  lull  description  ol 
die  I  CAM  wind  and  temperature  simulations.  The  lull  set  of  numbers  containing  this  description  at  the  maximum  accuracy  would 
comprise  an  array  of  dimensions  37  x  IK  a  o  x  25  x  24,  corresponding  to,  tespccuvely.  the  order  (n),  the  degree  (in),  die 
components  of '(he  complex  coctliciculsU,  b.  andc),  the  louner  lime  senes,  and  die  altitude  polynomial.  Wtih  die  truncation  levels 
discussed  above,  we  reduce  the  coefficient  array  size  to  the  dimensions  25  x  5  x  6  x  7  x  3.  Thus  a  total  ut  1 5750  coefficients  are 
stoted  lor  the  VSH  model.  We  consider  this  to  be  close  to  the  minimum  number  required  to  describe  the  lull  diurnal,  spatial  and 
altitudinal  variation  ol  the  thermospheric  vector  neutral  wind  and  temperature  liclds  using  sphencal  harmonics  while  retaining  die 
important  high-labiude  wind  structures  (vortices  and  reversals)  observed  bum  1M;  2  It  might  be  possible  in  the  lutute  to  tuithcr 
reduct*  '.he  size  ol  the  required  coc!  fie  tent  array  by  choosing  a  diflerent  set  of  orthonormal  functions  for  the  expansion,  optimized  to 
pi o vide  high  spatial  Ircqucncics  al  high  latitudes  (A.  D.  KulununJ,  1985,  private  communication). 

The  VSH  model  consists  ot  the  stored  sel  of  coefficients  (occupying  approximately  300  blocks  of  disk  space  on  a  VAX  or  PDP-lype 
kuinputcrj,  plus  a  subroutine  designed  to  reconstitute  die  vector  wind  and  temperature  values  at  any  given  geographic  location, 
allnude  ai id  tunc.  The  subtuutme  periorms  the  inverse  set  ol  transformations  to  those  that  piovided  the  cocllieients,  lecovenng, 
successively.  Ihe  temporal,  spatial,  and  altitudinal  inlormalion  to  return  geophysical  winds  and  tcmpcraluics  Die  vomputer  time 
necessary  tor  this  "synthesis”  ol  model  predictions  is  significantly  longer  than  lor  similar  calculations  using  MSIS-K3,  due  tu  die 
iiiuwh  larger  number  ol  luiculatious  necessary.  We  have  lound  that  full  global  5  degree  x  5  degree  wmd  and  temperature  liclds  can 
be  calculated  using  the  VSH  model  within  a  tew  minutes  CPU  lime  oil  a  VAX  750  machine.  Much  shorter  computer  times, 
however,  are  required  to  calculate,  lor  example,  the  diurnal  variation  of  the  neutral  winds  over  a  given  ground  based  observatoty. 
l  or  most  applications,  computer  time  can  be  reduced  considerably  by  using  die  must  cllicient  nesting  ot  IK)  loop  calls  to  the 
suhluutmc . 


In  the  next  section  we  present  various  results  from  the  VSH  model  to  illustrate  ns  current  capabilities.  The  VAX  FORTRAN 
subiouimc  and  documentation  necessary  lor  its  use  can  be  obtained  Iron)  one  ol  the  authors  ( I  LK). 

3  EXAMPLES  OF  RF.SULTS  FROM  THE  VSH  MODEL 

As  mentioned  earlier,  the  present  version  of  the  VSH  model  was  designed  to  correspond  with  much  of  the  DE  2  data  base.  In  figures 
2a  (b),  we  show  north  (south)  polar  projections  illustrating  VSH  model  vector  winds  (in cyan) calculated  lor  an  altitude  id  400km  at 
the  appropriate  Universal  l  ime  corresponding  lo orbit  I  K  19(7438)  of  DE  2.  The  VSH  winds  are  overlaid  with  the  measured  vector 
M.ud  measurements  Irom  DF.  2  (in  yellow)  made  at  altitudes  of  ~4UUlun  by  the  Fabry-Pcrot  interferometer,  FTI,  /  I/  and  the  Wind 
and  I  cmi’ciaiurc  Sjitciromeier,  W A  I  S,  i'll .  The  DE  2  vector  winds  arc  generated  (tom  ihe  measurements  ul  these  two  instruments 
using  the  data  merging  technique  of  Killren  ti  ul.  1 3/.  The  DE  2  daia  shown  weic  selected  on  the  basis  ol  ihe  moderate  lo-uctivc 
levels  ol  geomagnetic  activity  existing  at  the  time  of  the  orbital  passes  (see  Kp  values  indicated).  In  both  northern  and  southern 
cases,  excellent  qualitative  agreement  between  ihe  VSH  model  winds  and  the  L)E  2  measurements  is  evident,  with  the 
UT  def»cndcnl  locations  of  the  various  high-lulitudc  morpho  log  teal  wmd  features  well  described  by  ihe  model.  While  exact 
agieernem  between  individual  DF.  2  measurements  and  VSH  model  values  is  not  obtained,  nor  expected,  the  VSH  winds  clearly 
provide  reasonable  results  that  ore  directly  comparable  with  (he  observations,  both  in  magnitude  and  direction.  They  arc  also  useful 
hi  providing  a  hemispheric  context  lor  the  mtcipreijtion  ol  the  DE  2  measurements. 

flic  results  shown  in  Figure  2  indicate  that  the  various  high-latitude  features  built  into  the  NCAR-TGCM,  such  as  the  differing 
olivets  tic  tween  geographic  and  geomagnetic  pole*  in  the  (wo  hemispheres  and  .c  dominating  influence  on  the  neutral  wind  pattern 
of  ion  drag  associated  with  Ihe  twin  vortex  iniiospticric  convection,  are  reflected  in  the  VSH  computer  model.  It  is,  ol  course,  these 
high-latitude  features  that  determine  tlie  VSH  coefficient  truncation  criteria  discussed  above 
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l''f  2  i’nl.ir  projections  (solar  local  lime  ami  geographic  lalilude  from  pole  to  40  degrees)  illustraiing  the  VSH  model  wind  Held 
loan  .irniws)  (or  a)  lhe  Northern  highlainusic  region  and  b)  Ihe  soulhem  high-laiiiudc  region  The  VSII  wind  .colors  were 
calculated.  in  each  case,  al  400km  and  for  the  UT  appropriale  lo  Ibc  Dl.  2  observation*  shown  in  yellow  .  The  solar  Icrminalor  is 
gisen  by  lhe  curved  blue  line  [Tolled  yellow  arrows  indicate  sections  of  lhe  DE  2  pass  for  which  there  were  no  Iff  i  meridional! 
vc  inJ  measurements  available.  The  wind  wale  is  shown  at  lower  right. 


To  proside  a  more  fully  global  perspective  of  the  VSH  model  winds,  we  show  in  figure  3  a  carlcsian  plot  of  global  vector  winds 
calculated  using  the  VSH  subroutine  at  lhe  JOTIVm  altitude  level  Also  shown  for  comparison  are  the  DE  2  sector  winj 
measure  meins  made  between  altitudes  of  ISO  500km  during  orbit  number  7431  The  measured  vector  winds  again  illustrate 
reasonable  qualitative  agreement  with  the  VSH  model  calculations  in  all  regions,  including  the  mid  latitude,  high  latitude  and 
equatorial  regions  In  general,  for  this  orbit,  the  measured  high-latitude  winds  were  larger  in  magnitude  than  the  VSH  model 
s  .dues,  although  the  reversal  boundaries  and  Ihe  locations  of  the  main  morphological  structures  are  in  pood  agreement  Once  again, 
our  conclusion  is  that  the  VSH  winds  provide  reasonable  values  (at  least  at  upper  thermospheric  altitudes)  that  compare  well  with 
DE  2  global-scale  measurements  made  during  moderately. active  geomagnetic  conditions 
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l-ig.  3.  Cartesian  ploi  (geographic  latitude  and  local  solar  time),  illustrating  the  VSH  global  vector  wind  field  at  400km  (cyan 
arrows)  Also  shown  lor  comparison  are  the  observed  vector  winds  (in  yellow)  Irons  orbit  7431  ol  Dli  2.  The  wind  scale  is  to 
lower  right  and  the  curved  red  line  represents  the  solar  terminator. 

A  thud  example  of  VSH  wind  comparisons  with  DE  2  data  is  shown  in  figure  4.  Here,  we  plot  averaged  zonal  wind  measurements 
made  using  the  WATS  instrument  during  1981  and  1982  for  measurements  taken  within  5°  latitude  of  the  geographic  equator. 
I  he  sc  results  are  taken  from  the  paper  of  Whufluiltlal.  I&J  and  depict  the  average  of  many  orbits  of  data.  The  VSH  wind  results  are 
shown  by  ihc  solid  line  together  with  a  low-order  fourier  fit  to  the  data  made  by  Herreru  uiulMuyr  H2J.  It  can  be  seen  that  the  VSH 
zonal  winds  provide  a  good  first-order  fit  to  the  averaged  WATS  data  at  all  local  limes,  with  u  small  phase  lead. 
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Pq>  4  Averted  equatorial  zonal  wind  measurements  from  the  WATS  instrument  on  DP.  ?  taken  from  the  paper  by  Wharton  ct 
al  '33/  l  he  results  aic  plotted  us  j  Junction  ol  local  solar  lime  ojmJ  correspond  to  data  taken  within  £  5°  latitude  of  the  equator. 
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The  companions  between  MS1S-83  and  VSH  model  temperatures,  shown  in  Figures  5c  and  d  and  6c  and  d,  arc  of  interest  since  they 
po tni  out  the  major  dil feicnce  between  the  two  nuxicl  profiles.  For  (he  equatorial  location  shown  in  Figure  5,  die  MS1S-83  and  VSH 
temperature  profiles  arc  in  excellent  agreement,  as  would  be  expected  since  MSJS-83  provides  (he  background  model  input 
atmosphere  lor  the  initial  "spin-up"  of  die  NCAR-TGCM.  There  are,  however,  appreciable  differences  evident  between  the  VSH 
temperature  contours  and  the  corresponding  MS1S-83  profiles  at  the  high-luliiude  Svalbaid  location,  shown  in  Figure  6c  and  d.  Tlic 
reason  lor  (he  apparent  discrepancy  heie  is  related  to  two  factors,  (1)  the  different  number  of  spectral  harmonics  used  in  die 
MS1S-83  and  VSH  re  presentations,  and  (2>  ihe  hjgh-latiiude  heal  sourceduc  to  soil  particle  precipitation  m  die  dayside  cusp  region 
employed  in  the  NCAR-TGCM.  MS1S-83  uses  relatively  tew  spherical  harmonics  and  is,  therelorc.  limited  in  the  extent  to  which  it 
can  iikkJcI  local  structures  in  the  temperature  field.  The  VSH  model,  on  the  other  hand,  uses  —3  limes  as  many  harmonics  tor  ihc 
synthesis  of  its  temperature  field  and  is  thereby  able  to  model  relatively  smaller-scale  features.  The  basic  difference  between  the 
shapes  ol  the  MS1S-83  and  VSH  temperature  contours  in  Figure  6  is  due  to  the  passage  of  the  Svalbard  location  through  live  dayside 
cusp  legion  near  U5U0-U90O  hours  UT.  The  NCAR-TGCM  employs  a  high  ahuude  soR  particle  heat  suuicc  in  this  region  os 
discussed  by  Ruble  el  ul.  /2(V.  leading  to  a  significant  local,  high-altitude  teiniverature  enhancement.  The  VSH  model  reflects  this 
modeled  dayside  cusp  high  altitude  heating,  while  the  MSIS-83  model  does  not  show  the  feature. 


We  conclude  (hat  ihe  VSH  model,  by  virtue  of  the  relatively  large  number  of  harmonics  retained  in  order  to  model  the  high-latitude 
wmd  structure,  is  capable  of  modeling  local  temperature  features  that  are  filtered  out  Irom  models  that  use  fewer  harmonics.  Ii 
icmains  an  open  experimental  question  whether  leaiuics  such  as  tike  cusp  temperature  enhancement  illustrated  in  Figure  0  arc 
indeed  picscnl  in  spacccralt  data  sets. 


SUMMARY 


A  computer  model  of  the  thermospheric  wind  and  temperature  fields,  based  on  output  from  the  NCAR-TGCM.  has  been 
constructed  using  a  vector  spherical  harmonic  expansion  technique.  The  model  is  coded  in  a  portable  FORTRAN  subroutine  that 
leads  in  a  set  ot  coefficients  containing  the  diuinaf.  altitudinal  and  spatial  mtonnalioh  necessary  to  synthesize  the  global  wmd  and 
tcmpciaiufc  fields.  Ihe  current  version  of  the  model  is  valid  lor  solar  maximum,  December  solstice  conditions.  Ii  has  applicability 
lor  u sci s  who  require  reasonable  values  of  neutral  winds  and  temperatures  in  theoretical  or  comparative  experimental  studies. 
Comparisons  with  DE  2  observations  have  been  used  to  illustrate  ihe  validity  ol  the  wind  results  at  upfxrr  thermospheric  altitudes. 


The  model  framework  can  be  extended  to  incorporate  seasonal,  solar  cyclical  and  geomagnetic  activity  dependencies  simply  by 
running  the  NCAR-TGCM  lor  specified  geophysical  conditions  and  calculating  a  set  ol  spectral  coefficient  arrays  We  plan  to 
ct cate  a  laiiuly  ol  coefficient  arrays  in  this  manner  (hat  will  provide  tcasonablc  wind  and  lem|>craiure  results  lor  a  systematic  range 
ol  conditions  (solstice,  equinox,  solar  minimum,  active,  moderate,  quiet,  distuibcd,  etc.)  The  retrieval  suhioutme  will  be  common 
to  these  coefficient  arrays  We  also  plan  (o  use  the  VSH  model  framework  to  develop  a  scmt-empincal  model  of  thermospheric 
winds  by  appropriately  merging  observational  data  from  DE  2  with  the  TGCM  gndded  calculations  prior  io  performing  the  vector 
sphcncal  harmonic  expansion  described  in  this  pajxrr.  This  work  is  underway. 
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AN  ANALYSIS  OF  THE  EMPIRICAL  MODELS 
AND  THE  MEASUREMENT  RESULTS  OF  THE 
POLAR  ATMOSPHERIC  COMPOSITION  AT 
120-150  km  HEIGHT 

S.  I.  Avdiushin,  A.  A.  Pokhunkov  and  G.  F.  Tulinov 
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5'=  (0/No)  /(0/N-,)  .  ratios  are  analysed  for  the  polar  thermosphere 

depending  expon  thfe  moa  season  and  the  heliogeophysical  activity  where 
(0/N?)  values  are  measured  at  high  latitudes  with  radiofrequency 
mass^  ex^  spectrometers  at  f.tP-12  rocket  launchings  and  (0/N_)  .  values 

are  calculated  for  the  corresponding  condltions^of  every  c  experi¬ 
ment  from  4  models  (DTM,  MSIS-77»  MSIS-83  and  Kohnlein  model  (KL)). 


The  analysis  reveals  certain  regularities  in  variations  for  different 
models.  In  cummer  So t*  does  not  depend  on  the  heliogeophysical  activity 

and  in  within  a  factor  of  2-3  for  the  polar  cap  and  the  daytime  cusp  at 
150  km;  during  the  polar  night  SoT„  depends  on  the  geomagnetic  distur¬ 
bance  und  varies  with  the  solar  activity  cycle. 


The  6\rcT5  and  8^  values  have  little  dependence  on  the  heliogeophy- 
cical  ii'Snaltions  and^  have  approximately  the  same  seasonal  variations. 
During  the  polar  night  6  n,  corresponds  to  1  -  0.25  at  high  and 

low  solar  activity.  The  increase"0-5  in  O  dispersion  for  every  model 
considered  is  noted  at  low  solar  activity  in  the  morning  and  evening 
sectors  of  the  auroral  oval. 


The  recent  decade  has  witnessed  the  development  of  a  great  number  of  the 
thermospheric  empirical  models  /I -3/  based  on  the  use  of  the  results  of  the 
satellite  temperature  and  composition  measurements  by  means  of  optical  and 
mass-spectrometrical  equipment.  In  some  models  /5-5/»  along  with  the  stated 
measurements,  use  was  made  of  the  results  of  satellite  drag,  as  well  as  of 
some  parameters  of  the  atmospheric  upper  layorB  measured  from  mid-  and 
low-  latitude  stations  using  the  incoherent  scatter  technique.  One  of  the 
recent  models  is  MSIS-83  /8/.  To  build  this  model,  along  with  a  large 
amount  of  the  above  mentioned  data,  use  was  made  of  rocket  sounding  data 
at  heights  above  80  km.  All  the  referenced  models  are  empirical  in  which 
atmospheric  parameter  variations  are  given  as  expansions  in  spherical 
functions.  Expansion  coefficients  depend  upon  the  Beacon,  solar  and  geo¬ 
magnetic  activity,  respectively,  and  in  some  cases  upon  the  longitude  and 
the  universal  time.  All  the  mentioned  models,  with  different  degrees  of 
validity,  describe  seasonal,  latitudinal  and  diurnal  offects  in  the  compo¬ 
sition  variations  in  the  thermosphore  and  their  dependence  upon  the  solar 
and  geomagnetic  activity. 

A  comparative  analysis  of  the  models  was  carried  out  in  references  /9,10/, 
where  the  best  agreement  is  shown  for  moderate  solar  activity  (lUiXF,.  >  ,-<15 0). 
Due  to  the  use  of  a  large  amount  of  satellite  data  these  models  are  ‘  ’ 
known  to  give,  as  a  rule,  a  satisfactory  description  of  the  atmosphere  at 
250-500  km  height.  For  lower  heights  (100-200  km),  duo  to  a  lack  of 
sufficient  experimental  data,  the  models  have  been  built  mainly  by  extra¬ 
polation  of  the  aatollite  measurements  to  the  values  of  the  lower  boundary 
atmospheric  parameters.  ValueB  of  these  parameters  and  the  levels  of  the 
boundary  itself  are  different  for  different  models.  Thus  there  is  a  certain 
degree  of  arbitrariness  in  model  atmosphere  descriptions  of  heignty  below 
satellite  measurements. 

The  same  is  equally  true  of  the  lower  thermosphere  in  the  polar  region. 

For  thi3  region  the  model  description,  duo  to  the  complexity  and  diversity 


(111)217 


(lUjJlb 


S.  1.  Avdiuihm,  A.  A.  FoWhiiiilkUV  and  C  F.  Tulinuv 


of  physical  processes  caused  by  the  specific  character  of  magnetosphere  - 
atmosphere  relationships  and  the  lack  of  necessary  experimental  data,  is 
still  in  its  infancy.  In  this  respect  it  is  of  some  interest  to  estimate 
the  degree  of  applicability  of  the  models  already  developed  for  the 
description  of  the  lower  thermosphere  in  the  polar  region. 

To  analyze  and  compare  the  calculated  data  with  the  experimental  ones  the 
following  models  have  been  chosen:  MM  /4/,  MSIS-7?  /6/,  Kohnlein  (KL)  /?/ 
and  MSIS-83  /8/.  The  rocket  measurements  of  the  atomic  oxygon  /  nitrogen 
ratio  /n(0)/n(Np)/  obtained  with  a  radiofronuency  mass-spectrometer  were 
used  as  the  ^  “^experimental  data.  This  ratio  is  known  to  characterize 
the  upper  atmosphere  state,  in  particular  its  thermal  regime.  This  ratio  ia 
likely  to  decrease  with  temperature  increase.  The  rocket  experiments 
started  as  early  as  1967  on  ileyss  Island  (8d  il  £>o  w)  and  from  shipboard  in 
the  high  latitude  Atlantic  region  (66  -  ?4°h,  0  -  5  w).  The  measurements 
have  been  carried  out  at  different  phases  of  solar  activity  during  the 
summer'  and  winter  seasons  at  geomagnetic  disturbance  levels  characterized 
by  Kp  values,  generally  within  0-3. 

.Vhile  comparing  the  experimental  and  calculated  values  the  analysis  wa3 
made  for  a  certain  height  making  use  of  the  -  parameter,  where 

n(0)/n(Jo)  .  values  ware  calculated  for  every  model  out  of  the  4  specified 
models  *  moaUsing  input  parameters  corresponding  to  each  rocket  experiment. 

S’  -  values  at  a  height  of  150  km  for  the  polar  winter  and  summer  are  given 
for  different  models  in  Fig.  1  -  3.  In  these  figures  5  is  given  de  - 
pundii*g  on  the  solar  activity  characterized  by  the  index  of  the  solar  radio 
flux  in  the  10.7  cm  wave  length  taken  twenty  four  hours  prior  to  the  expe¬ 
riment. 
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Fig.  1.  Variations  of  the  parameter  for  the  J>T!1  model  versus 

the  index  of  the  solar  activity  (F^q  ?)  for  the  polar  night  conditions 
(iark  circles).  For  comparison  the  ’'light  circles  designate  (S'- values 
corresponding  to  polar  day  conditions. 

Ao  is  shown  in  Fig.  1  the  MAI  model,  under  winter  conditions  and  at  low 
solar  activity  (00  <  F-a  r,<  100)  underestimates  by  up  to  a  factor  of  4  the 
values  of  n(G;/n(N^)  ’ ' at  150  km  height.  In  addition  a  considerable 

scatter  in  5  is  noted.  At  moderate  solar  activity  (100  <  F..  r  <  150) 

under  the  polar  winter  conditions  the  scatter  decreases  and  the  * 'model 
Values  n(0)/n(Ho)  approach  the  experimental  ones.  Vith  increase  of  the 

solar  activity  ^(160  <  Fh  7  <  2s0)  Che  dispersion  in  S'  again  increases 
and  1  trend  towards  'decreasing  values  is  observed.  For  the  polar 

autzmer  (light  circles  in  Fig.1)  6”  values  ore  practically  Lndepiundent  on 
me  solar  ac tivity  and  the  moan  value  ia  about  4, 

As  is  shown  in  Fig.  2  the  AiSIo-77  model  under  winter  conditions  (dark 
triangles)  ana  at  low  solar  activity  (60  <F.,q  „<M0)  both  overestimates 
and  overestimates  byn  factor  of  2  the  valudQ* 'of  n(0)/n(N-),  a  cousi  - 
deratlu  scatter  in  0  lu  also  noted.  At  the  moderate  level1*  of  the  solar 
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Pig.  2.  Variations  of  parameters  versus  F^q  „  for  MSIS-77,  KL  mo¬ 
dels  and  the  experiments  carried  out  on  Heyss  ’'Island  under  polar 
night  conditions  ((  A  Land  (  +  )  respectively).  For  comjarison  (  A  ) 
and  (  O  )  designate  0  values  for  the  same  models  for  the  polar  day 
conditions. 


It  ia  characteristic  that  in  winter  at  moderate  and  high  activity  the  con¬ 
dition  S'  ^  1  holds  true.  For  summer  conditions  S  values,  as  a  rule, 
exceed  1  at  all  values  of  P10<r,. 

The  Kohnlein  model  (KL),  as  is  seen  in  Fig,  2,  describes  the  winter  and 
summer  atmosphere  at  150  -km  height  almost  in  the  same  way  as  model  MSIS-77. 
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values  are  presented  in  Fig.  3. 
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Fig.  3.  Variations  of  the  S'  parameter  for  the  USIS— S3  model  .ind 
the  experiments  carried  out  under  polar  winter  conditions  on  Heyss 
Island  (  •  )  and  from  research  ships  (  O  ), 

Dark  circles  designate  winter  conditions  and  light  ones  summer  conditions. 
As  in  the  previous  models  a  considerable  scatter  in  0  values  is  shown 
for  low  solar  activity.  However,  a  trend  to  group  around  one  is  noticeable. 
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It  is  of  interest  to  compare  the  high  latitude  values  with  the  same  para¬ 
meter  taken  at  middle  and  low  latitudes  for  the  same  season  and  at  the  same 
level  of  the  solur  activity. 

To  analyse  the  latitudinal  profile  of  S’  use  was  made  of  the  results 
of  the  rocket  experiments  carried  out  in  the  Atlantic  during  the  voyage  of 
the  "lrofesaor  Zubov"  ship  in  May  -  June  of  1980.  During  this  period  8 
MP-12  meteorological  rockets  equipped  with  mass-spectrometers  were  launched,' 
4  rockets  were  launched  in  the  auroral  region  in  the  night  sector  of  the 
auroral  oval,  2  rockets  at  middle  latitudes  (45°N)  under  night  and  daytime 
eonuitiona  and  2  rockets  were  launched  at  the  equator. The  latitudinal  pro- 
file_,  of  the  experimental  data  deviations  from  the  corresponding  models 
C  b  )  for  125-150  km  height  is  presented  in  Dig.  4.  TJiis  figure  shows 
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Fig.  4.  Latitudinal  and  diurnal  variations  of  the  &  parameter 
obtained  from  the  results  of  rocket  experiments  carried  out  during  the 
voyage  of  "Professor  Zubov"  ship  and  tho  model  calculations. 

that  under  conditions  close  to  the  summer  solstice  at  maximum  solar  activi¬ 
ty  (1930)  the  models  considered  give,  on  the  whole,  the  enhanced  tempera  - 
ture  values  for  the  polar  region  whereas  for  the  middle  and  equatorial  la¬ 
titudes  the  reverse  tendency  is  noted. 

The  experimental  results  presented  in  this  paper  appear  to  be  insufficient 
to  solve  the  problems  of  empirical  modelling  of  the  polar  thermosphere, 
nevertheless  these  results  permit  an  estimate  of  the  peculiarities  and  the 
degree  of  applicability  of  the  models  considered  for  the  description  of  the 
low  tueruosphere  state  at  polar  latitudes. 

Thus,  for  example,  a  relatively  small  scatter  in  S'  at  mean  values  of 
f-jg  r,  indicates  that  the  models  have  been  built  on  the  basis  of  the  outul- 
lfc6'  data  summaries  obtained  mainly  at  moderate  levels  of  solar  activity. 
The  BTid  model  aeems  to  give  enhanced  temperature  values  (for  lCp  5)  at 
low  solar  activity  under  polar  night  conditions.  This  excess  probably 
occurs  for  the  daytime  polar  thermosphere  under  all  solar  activity  levels. 

The  .,2:13-77  and  KL  models,  on  tho  contrary,  give  underestimated  temperature 
values  for  the  night  polar  thermosphere  under  all  levels  of  solar  activity 
and  tend  to  give  enhanced  temperatures  in  summer  period.  The  more  complete 
and  sophisticated  12113-85  model,  involving  corrections  for  average  mass 
transport,  variations  in  the  turbopuuse  height  and  photochemistry  is  cha¬ 
racterised  by  the  absence  of  the  5"  -  deviations  from  one  observed  in  the 
previous  models. 

Further  improvement  of  the  modols  has  to  be  directed  tov/ard3  the  more  de¬ 
tailed  description  of  the  polar  thermosphere  variations,  v;ith  due  regard 
for  tho  specific  character  of  the  magnetosphere-atmosphere  relationships 
involving  the  energoticu  of  the  current  systems  and  the  precipitating  cor¬ 
puscular  fluxes  cliaractorlsed  by  a  high  degree  of  localization,  depending 
on  tne  level  of  heliogoopiiyslcal  activity  and  the  time  of  tho  day. 
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ABSTRACT 

Severe  perturbations  of  the  neutral  upper  atmosphere  caused  by  the  dissipation  of  polar 
„lnd  energy  have  become  known  as  thermospheric  storms.  This  review  summarizes  the  tempera¬ 
ture  and  density  changes  observed  during  such  events.  The  following  topics  are  discussed: 
11)  the  morphology  and  origin  of  composition  changes  at  high  and  middle  latitude.; 
(2)  low-latitude  effects;  (3)  time  delayB  between  magnetic  and  thermospheric  perturbations; 
(4)  systematic  variations;  and  (b)  accuracy  of  model  predictions. 

1.  INTRODUCTION 

In  agreement  with  the  more  narrow  meteorological  definition,  thermospheric  storms  are 
accompanied  by  winds  of  high  velocity.  However,  they  also  include  large  changes  in  other 
state  variables  like  the  temperature  and  composition,  which  are  the  topic  of  the  present 
review.  In  this  respect,  the  term  'storm'  is  used  in  the  more  general  sense  of  a  severe 
disturbance,  as  is  the  case,  for  example,  In  the  term  'ionospheric  storm'  or  'magnetic 
storm'  . 

Whereas  a  quantitative  description  of  smaller  perturbation  effects  is  hampered  by  the  lack 
of  a  reliable  base  line,  this  is  not  the  case  for  storm  associated  changes.  Here  periods  of 
low  magnetic  activity  are  entirely  sufficient  to  serve  as  a  reference.  This  is  probably  one 
reason  why  storm  effects  have  been  documented  so  frequently  /e.g.  l-2b  and  the  numerous 
references  therein/.  Another  reason  Is  the  hope  that  larger  events  would  emphasize  the 
basic  physical  processes  at  work.  And  sometimes  it  may  have  been  the  sheer  magnitude  of  the 
storm  eTfects  which  fascinated  the  observer. 

In  spite  of  the  large  effort  which  went  into  the  study  of  thermospheric  storms,  many  of 
their  properties  remain  incompletely  documented  and  understood,  testifying  to  the  complex¬ 
ity  of  this  phenomenon.  This  review  attempts  to  summarize  what  is  presently  known  from 
observations  about  this  effect.  The  material  is  thereby  organized  in  the  following  way. 
Section  2  describes  the  morphology  and  origin  of  composition  changes  at  high  and  middle 
latitudes.  A  discussion  of  storm  effects  at  low  latitudes  follows  (Section  3).  Section  d  is 
concerned  with  the  time  lag  of  atmospheric  perturbations,  and  Section  b  documents  some 
systematic  variations  of  thermospheric  storm  effects.  Finally,  In  Section  6  measurements 
are  compared  with  model  predictions  to  indicate  the  accuracy  to  be  expected  from  present- 
day  models. 

2.  COMPOSITION  DISTURBANCE  ZONE 

At  high  and  middle  latitudes,  thermospheric  storms  are  characterized  by 

-  an  Increase  In  the  gas  temperature 

-  an  increase  in  the  heavier  gas  constituents  like  argoi.,  molecular  oxygen,  and  molecular 
nitrogen 

-  a  height-dependent  behavior  of  the  major  constituent  atomic  oxygen  with  a  moderate  de¬ 
crease  at  lower  altitudes  (<  300  km)  and  a  moderate  increase  at  higher  altitudes. 

-  a  decrease  of  the  light  constituents  like  helium 

-  and  a  complex  behavior  of  reactive  constituents  like  atomic  nitrogen  and  nitric  oxide, 
whose  abundances  are  partly  determined  by  chemical  processes. 

Figure  1  Illustrates  some  of  these  changes  for  a  large  thermospheric  storm.  Variations  of 
the  exospheric  temperature  and  of  the  argon,  molecular  nitrogen,  atomic  oxygen  and  helium 
densities  are  shown  aa  a  function  of  magnetic  latitude.  The  exospheric  temperature  was 
derived  from  the  N  density  measurements  using  standard  hydrostatic  techniques  /26-2B/. 
Although  of  limited  accuracy,  this  Inferred  temperature  should  reflect  the  basic  large- 


%  s 


G  Pit»U*  and  M  R\hmuci 


i 


scale  tendvior  of  the  temperature  perturbations  (e.g.  /15.29/).  Using  this  tempeioture,  ail 
Jen  si  ties  have  been  reduced  to  a  common  altitude  of  280  km.  In  addition,  they  have  be^ji 
i.ust-u'*  ize  d  to  prestorm  conditions.  Thus  H(i)  is  defined  as  the  storm-time  value  cf  the  1 
constituent  (or  parameter)  divided  by  the  corresponding  quiet-time  value;  and  Mi'-l  serves 
a  reference,  meaning  no  change  with  respect  to  quiet  times.  Note  that  in  their  nurmul 
■~~dt  of  operation,  gas  analyzers  (mass  spectrometer  instruments)  cannot  distinguish  between 
titc-ic  and  molecular  oxygen  (an  exception  16  the  fly-through  mode  described  in  /'M)/). 
Instead,  the  total  oxygen  content  0*2  0^  is  measured.  This  presents  no  problem  as  long  as 
one  ol  the  two  components  is  a  minor  constituent,  as  is  the  case  for  the  q^let-time  upper 
thermosphere  Isay,  above  200  km).  Here  the  total  oxygen  content  is  close  to  the  atomic 
oxygen  density.  During  storm  conditions,  the  situation  may  not  be  as  simple,  and  the 
"  t  a--!  td  oxygen  cor. tent  should  be  considered  an  upper'  limit  to  the  actual  atomic  oxygen 

der.si  t  y . 

The  prominent  feature  of  fig.  1  is  the  well-developed  composition  disturbance  zone  «>t  high 
and  ’’idd.e  latitudes.  It  is  marked  by  a  temperature  increase  of  more  than  50C  K  and  -  at 
J-h1  r“  altitude  -  ty  a  70-fold  increase  of  the  argon  density,  by  an  o-foid  increase  ol  U.e 
r..  t:  vg.cn  density,  by  moderate  changes  of  the  atomic  oxygen  density  (:  ju  X!  an  j  by  a  large 
decrease  of  the  helium  density  to  one-tenth  of  its  prestorm  value. 
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Fig.  1.  Basic  latitudinal  structure 
of  a  thermospheric  storm.  The  upper 
panel  shows  the  development  of  the 
magnetic  activity  during  the  event. 
It  also  indicates  the  times  at  which 
the  6torm  data  and  the  quiet-time 
reference  data  were  measured.  The 
lower  panel  presents  storm  associat¬ 
ed  changes  in  the  exospheric  tempera¬ 
ture  ( Tw  )  ,  in  the  argon  (Ar),  molecu¬ 
lar  nitrogen  (N  ),  atomic  oxygen 
(0),  and  helium  \He)  densities,  in 
the  molecular  nitrogen  to  atomic  oxy¬ 
gen  concentration  ratio  (N^/0),  and 
in  the  total  mass  density  (p).  The 
exospheric  temperature  has  been 
inferred  from  the  nitrogen  data.  All 
density  data  have  been  adjusted  to  a 
common  altitude  ( 280  km)  and  normal¬ 
ized  to  prestorm  conditions.  In  this 
kind  of  presentation,  p(n)-l  serves 
reference,  meaning  no  change 
aspect  to  quiet  tirr.es.  The 
data  refer  to  the  morning  local  time 
sector  (approximately  0900  SLT )  and 
fall  conditions.  At  the  equator,  the 
geographic  longitude  and  universal 
time  of  observation  were  246°  E  and 
16:52,  respectively. 
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The  lower  part  of  Fig.  1  demonstrates  that  the  molecular  nitrogen  to  atomic  oxygen  density 
ratio  is  weii-Suited  to  study  the  latitudinal  structure  of  the  composition  disturbance. 
•  .sereas  inside*  the  perturbation  lone  this  parameter  shows  a  definite  increase,  indicating 
Doth  the  extent  and  magnitude  of  the  composition  disturbance,  the  lower  latitude  regime  is 
characterized  ty  a  iax.k  of  change  in  this  ratio.  Additional  advantages  of  this  parameter 
are  its  large-scale  height,  which  makes  it  less  sensitive  to  heigh, t  adjustment  procedures, 
ur,d  its  close  association  with  ionospheric  perturbation  effects  (e.g.  /Zb/).  In  contrast, 
the  total  n.ass  density  w,  also  shown  in  Fig.  1,  is  certainly  ill-suited  to  study  the 
morphology .  In  the  height  range  cor,..  .  dered ,  variations  in  this  parameter  are 
closely  linked  to  cf.ange s  m  the  atomic  oxygen  density.  Therefore  the  effects  are  rela¬ 
tively  small,  and,  in  addition,  height  dependent.  An  exception  is  the  low  latitude  regime, 
where  changes  in  o  reflect  those  of  the  individual  constituents. 


the  tatic  latitudinal  variation  of  the  composition  disturbance  is  similar  to  that 
sho«r.  m  Fig.  1,  more  complex  structures  are  somet im es  otserved.  This  is  documented  in 
rig.  2,  which  presents  thermospheric  storm  data  obtained  during  three  consecutive  satellite 
orbits.  A.i  densities  ha.e  been  normalized  to  low-latitude  reference  values.  The  feature  of 
interest  here  is  a  rr.id-lat l  tode  disturbance  zone  wr.ich  is  well-separated  from  the  polar 
dis-turtancc  zone.  Ionospheric  data  not  or.ly  confirm  the  existence  of  tms  localized 
pert-rtation  structure,  they  also  show  its  relatively  stable  nature  /II ,31/.  Another  point 
of  interest  i»  the  large  variability  observed  from  one  orbit  to  the  next.  Ionospheric  data 
indicate  that  these  variations  are  primarily  due  to  longi  tudmal  gradients  and  not  to 
temporal  changes. 
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Fig.  2-  Complex  changes  in  the  lati¬ 
tudinal  structure  of  a  thermospheric 
storm.  For  three  consecutive  ortits, 
storm-induced  changes  in  the  argon 
(Ar),  nitrogen  (N^),  oxygen  (0)  and 
helium  (He)  densities  are  shown  as  a 
function  of  magnetic  latitude.  All 
data  have  been  adjusted  to  a  common 
altitude  of  280  km  and  normalized  to 
densities  observed  outside  the  dis¬ 
turbance  zone.  (Mn)-l  serves  as  a 
reference  with  respect  to  these  val¬ 
ues).  The  measurements  refer  to  the 
late  morning  sector  (approximately 
1100  hours  local  time)  and  to  late 
summer  conditions  (21/22  February, 
southern  hemisphere).  For  each  or- 
tit,  the  geographic  longitude  (east) 
of  the  equator  crossing  is  given  on 
the  right. 
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Fig.  6.  Density  perturbation 
of  a  minor  gas  (He)  caused  by 
wind-induced  deviations  from 
the  diffusive  equilibrium  dis¬ 
tribution  . 


It  has  been  argued  that  disturbance  effects  produced  by  homopause  changes  will  take  too 
long  (days)  to  propagate  to  higher  altitudes.  This  problem  does  not  arise  if  a  transient 
mixing  layer  is  produced  above  the  homopause  region  (Fig.  4).  Strongly  irregular  heating 
or  the  mixing  action  of  breaking  vave6  could  be  responsible  for  such  a  feature. 

The  second  mechanism  is  based  on  the  dynamics  of  the  disturbance  (Fig.  5).  Heat  input  in 
the  lower  thermosphere  produces  an  upward  motion  of  gases.  This  upwelling  lifts  air  rich  in 
heavier  gases  (like  N2)  and  poor  in  lighter  gases  (like  He)  to  higher  altitudes.  A  simul¬ 
taneous  expansion  causes  an  effective  depletion  of  the  lighter  gases  (He),  whereas  the 
major  constituent  (N^)  remains  essentially  unchanged  (or  remains  moderately  enhanced).  At 
the  6ame  time,  the  heavier  gas  components  will  remain  strongly  enhanced.  Hays  et  al.  /35/ 
suggest  that  this  mechanism  should  be  most  effective  during  the  initial  phase  and  m  the 
central  region  of  a  disturbance. 


The  third  mechanism  is  also  based  on  the  upward  motion  of  hot  air.  This  time,  however,  a 
complete  circulation  ceil  of  the  Hadley-type  is  considered.  Continuity  within  this  system 
requires  that  in  the  region  of  upwelling,  where  the  horizontal  divergence  is  small,  the 
particle  flux  of  the  major  gas  (assumed  to  be  in  Fig.  6)  is  approx imately  constant  with 
height.  Therefore  the  upward  velocity  has  to  increase  in  proportion  to  the  decrease  of  the 
major  gas  density.  This  increase  in  vertical  velocity  is  much  larger  than  would  be  required 
for  a  lighter  gas  (like  helium)  with  a  much  larger  scale  height.  Also,  it  is  much  smaller 
than  would  be  required  for  the  flux  preservation  of  a  heavier  gase  like  argon.  Thus  if  a 
circulation  cell  is  established  in  the  major  gase  and  if  this  motion  is  impressed  on  the 
minor  gas,  this  will  lead  to  a  depletion  or  enhancement  of  the  minor  gas.  For  example,  more 
helium  is  transported  away  by  the  large  velocities  at  higher  altitudes  than  is  supplied  by 
the  smaller  velocities  in  the  lower  altitude  region.  Indeed,  if  both  gases  were  tightly 
coupled  through  collisional  interactions,  the  depletion  of  the  lighter  gases  (and  the 
simultaneous  increase  of  the  heavier  gases)  would  continue  until  both  gases  had  the  same 
scale  heights.  This  is,  of  course,  counteracted  by  diffusion,  which  tries  to  reestablish 
the  original  state  of  equilibrium.  In  the  lower  thermosphere,  however,  diffusive  separation 
i s  too  6 1  ow  to  fully  compensate  for  the  wind  effects.  Accordingly,  lighter  gases  are 
depleted  and  heavier  gases  are  enriched.  This  mechanism  also  predicts  a  reverse  effect  at 
places  where  downward-directed  winds  close  the  circulation  cell  (see  Section  3).  The  wind 
effects  are  accompanied  by  temperature  effects  which  increase  all  gas  densities  and  which 
dominate  the  atomic  oxygen  behavior  at  higher  altitudes.  The  above  mechanism  hgs  been 
thoroughly  explored  by  Mayr  arid  Volland  (e.g.  /36,37/).  Similar  results  (although  restrict¬ 
ed  to  the  one-dimensional  case)  have  been  obtained  by  Shimazaki  /38/. 
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,:).er  pcir.t  of  interest  is  the  expansion  of  the  disturbance  effects:  wherea6  the 
i.sipation  of  solar  wind  energy  is  essentially  restricted  to  the  high  latitude  region, 
_trji  composition  changes  are  also  observed  at  middle  latitudes.  This  requires  an 
Active  disturtar.ee  transport,  and  various  mechanisms  have  teen  proposed  to  explain  this 
cr.o~er.on  (see,  e.g.,  Fig.  4  in  /39/).  Since  molecular  transfer  16  too  slow,  only 
r.jricdl  processes  have  been  considered.  The  first  mechanism  is  based  on  the  excitation  of 
anelary  scale  standing  waves  with  vertical  wind  fields  extending  to  middle  latitudes  and 
cully  producing  neutral  composition  changes  /36, 37,40/.  The  second  mechanism  assumes  that 
..tral  cor;  csiticr.  changes  are  produced  exclusively  within  the  high  latitude  heating  zone 
d  are  subsequently  transported  co.nvectively  toward  lower  latitudes  (e.g.  /4i,42/).  The 

ird  mechanism  postulates  the  excitation  of  large  traveling  atmospheric  disturbances 
A2s*  which  are  capable  of  mixing  the  neutral  composition  down  to  altitudes  where  the 
covery  time  constant  is  of  the  order  of  many  hours  /  4  3  /  .  Finally,  a  fourth  rechanisr 
_-rts  the  generation  cf  cyclonic-type  disturbances  ir.  the  upper  atm.ospr.ere  which  carry  a 
rong  upward-directed  wind  field  towards  lower  latitudes,  locally  producing  the  observed 
pool  t  ion  changes  /  44/ .  Again,  these  mechanisms  are  by  no  means  mutually  exclusive. 
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3.  LCw -DAT I ToLE  EFFECTS 

-'side  the  composition  disturbance  zone,  storm  effects  consist  of  a  moderate  increase  of 
*1  constituents.  This  is  documented  in  Fig.  7,  which  shows  magnetic  storm  associated 
r.unges  m  the  argon,  molecular  nitrogen,  atomic  oxygen,  and  helium  densities  observed  at 
latitudes.  All  data  refer  to  a  common  altitude  of  290  km,  and  measurements  taKen  prior 
c  tr.e  disturbance  serve  as  a  quiet-time  reference.  As  is  evident,  all  constituents  show  a 
oaerute  increase,  but  of  different  magnitude.  In  general,  the  density  increase  of  argon  is 
urgest,  followed  by  those  of  nitrogen,  oxygen  and  helium.  This  suggests  that  a  significant 
art  of  tne  geomagnetic  activity  effect  at  low  latitudes  may  be  attributed  to  changes  in 
he  neutral  gas  temperature.  However,  there  are  cases  when  non-tnermal  effects  cannot  be 


Fig.  7.  Thermospheric  storm 
effects  at  low  latitudes. 
The  lower  panel  shows 
changes  in  the  argon  (Ar), 
molecular  nitrogen  (N  ), 
atomic  oxygen  (0)  and  heli¬ 
um  (He)  densities  as  a  func¬ 
tion  of  universal  time.  Mea¬ 
surements  taker*  one  day  ear¬ 
lier  (dotted  lines)  6erve 
as  e  quiet-time  reference. 
The  density  values  are  aver¬ 
ages  which  refer  to  the 
5-10  S  geographic  latitude 
range.  They  have  been  ad¬ 
justed  to  a  common  altitude 
of  290  km.  Solar  local  time 
of  observation  is  approxi¬ 
mately  0:45.  Different  line¬ 
ar  scales  have  been  used 
for  t^e  four  constituents 
(E4=10  etc.).  For  compari¬ 
son,  the  upper  panel  6hows 
the  time  variation  of  the 
AE  index  during  this  distur¬ 
bance  event  /45/. 
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neglected  (especially  for  0  and  He)  and  even  dominate  the  low-latitude  behavior  /4^/ 
Although  less  conspicuous,  these  effects  may  have  important  implications  for  theoretic*- 
considerations.  They  have  been  attributed  to  the  downward-directed  wind  component  of 
planetary-scale  circulation  /36, 37, 40, 46, 47/,  to  the  heating  action  of  large-scale  travel* 
ing  atmospheric  disturbances  (e.g.  /48-54/  and  references  therein),  and  to  the  dissipation 
of  ring  current  energy  / 55,56/. 

4.  TEMPORAL  VARIATIONS 

The  temporal  development  of  thermospheric  storms  is  essentially  determined  by  the  changing 
intensity  of  the  solar  wind  energy  source.  The  sluggish  response  of  the  thermosphere 
somewhat  smoothes  tms  primary  tire  variation  and  also  leads  to  a  prolonged  recovery  phase 
('memory  effect1).  Additional  temporal  variations  are  introduced  local >y  by  changes  in  the 
spatial  distribution  of  the  energy  injection  and  globally  by  the  1  arge-t>cale  dynamics  of 
the  thermosphere . 

The  temporal  association  of  magnetic  and  thermospheric  perturbations  has  long  been  consid¬ 
ered  a  key  problem  of  the  geomagnetic  activity  effect  /57/.  The  reliable  determination  of 
this  time  sequence  is  not  an  easy  task  because  a  single  satellite  cannot  distinguish 
between  temporal  and  spatial  changes,  and  both  are  usually  contained  in  the  data.  According¬ 
ly,  only  upper  bounds  can  be  established.  Add  to  this  the  difficulty  of  identifying  related 
features  an  the  magnetic  and  the  thermospheric  storm  effects.  Thus  only  a  limited  number  of 
cases  are  available  to  study  this  important  connection. 

Figure  B  compares  the  temporal  variation  of  the  magnetic  A£  index  and  of  the  associated 
changes  in  the  N_  density  at  high  latitudes.  The  time  resolution  16  1  hour  for  the  AE  index 
and  1  1/2  hours  for  the  density  data.  As  before,  the  N^  data  have  been  adjusted  to  a  common 
altitude.  This  comparison  shows  that  at  high  latitudes  the  time  delay  between  the  magnetic 
and  thermospheric  disturbance  may  be  rather  short  and  of  the  order  of  one  hour  (or  less). 
Somewhat  larger  time  lags  are  expected  and  observed  at  low  latitudes  (e.g.  /21,4b/).  Here 
time  delays  between  (sub-)  storm  onset  and  thermospheric  response  are  of  the  order  of 
4  hours  (or  less).  Thi6  is  illustrated  in  Fig.  9.  Note  that  since  the  low-latitude  response 
car.not  be  expected  to  be  uniform,  different  time  lags  may  be  observed  at  different  loca¬ 
tions  ! 


Fig.  Q.  Time  delay  between  magnetic  activity 
and  thermospheric  perturbations  at  high  lati¬ 
tudes.  The  level  of  magnetic  activity  is  indi¬ 
cated  by  the  auroral  electrojet  index  (AE, 
left-hand  scale).  The  associated  atmospheric 
disturbance  at  60°  N  magnetic  latitude  is  indi¬ 
cated  by  changes  in  the  molecular  nitrogen 
density  (N^,  right-hand  scale).  The  densities 
have  been  adjusted  to  a  common  altitude  of 
230  km.  Solar  local  time  of  observation  was 
approximately  0900  hours. 


Fig.  9.  Time  delay  between  high-lati- 
tude  magnetic  activity  and  low-lati¬ 
tude  atmospheric  perturbations.  The 
level  of  magnetic  activity  at  high 
latitudes  is  indicated  by  the  auror¬ 
al  electrojet  index  ^AE,  left-hand 
scale).  The  associated  atmospheric 
disturbance  at  low  latitudes  is  docu¬ 
mented  by  changes  in  the  molecular 
nitrogen  density  (N  right-hand 
6cale).  The  density  values  are  aver¬ 
ages  which  refer  to  the  5-10°  S  geo¬ 
graphic  latitude  region.  They  have 
been  adjusted  to  a  common  altitude 
of  290  km.  Solar  local  time  of  obser¬ 
vation  is  approximately  0:45  /45/. 
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5.  SYSTEMATIC  VARIATIONS 


a  strong  irregular  component,  certain  systematic  trends  are  observed  in  thermospher- 
storm  effects.  Their  documentation ,  however,  is  often  difficult  and  Jar  from,  complete, 
tr.e  following,  four  of  the  better  known  variations  will  be  considered. 


.  jr^-fs  with  magnetic  activity.  Changes  in  the  level  of  magnetic  activity  affect  therrr.o- 
r.r.cric  perturbations  in  t*o  ways:  first,  the  amplitude  of  the  temperature  and  density 


t ri-rbatior.  is  related  to  the  intensity  of  the  magnetic  disturbance.  And  secondly,  the 
of  the  com  pc  si  t  icn  disturbance  zone  increases  with  increasing  magnetic  activity, 
.igr.etic  activity,  of  course,  is  only  a  measure  of  the  intensity  of  the  sclar  wind  energy 
issiricttion.  Since  any  of  the  numerous  magnetic  activity  indices  monitors  this  dissipation 
ute,  all  of  them  are  correlated  with  thermospheric  perturbation  effects,  fig.  10  illust¬ 
rates  the  dependence  of  the  exospheric  temperature  increase  in  the  polar  region  on  three 
f  these  indices  for  one  particular  data  set.  This  figure  also  documents  the  direct 
crrelation  of  the  temperature  increase  with  solar  wind  conditions  708/ . 
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Fig.  10.  Increase  in  the  exospheric  temperature  as  a  function  of  magnetic  activity 
and  solar  wind  conditions.  The  temperature  has  been  inferred  from  molecular  nitrogen 
measurements  obtained  in  the  polar  heating  oval  during  winter  nighttime  conditions. 
The  solar  wind  conditions  are  described  by  the  t  parameter  /b2/ .  The  previous 
history  of  the  magnetic  and  solar  wind  activity  has  been  taken  into  account  up^to 
2‘i  hours  before  the  actual  temperature  measurement  using  a  simple  algorithm  {P  - 
f(P  (t-t  ))  with  P  «ap ,  AE,  Dst ,  and  e  ,  respectively,  at  time  t  prior  to  the 
temperature  measurement  at  tim^  t  /0fc,61/).  The  tem.perature  increase  is  measured  in 
Kelvin,  the  e  parameter  in  10  w.  C  ,  C^,  C^,  and  are  constants  equal  to 

OnT ,  VcnT ,  arid  30  GW,  respectively.  The  correlation  coefficient  is  given 


m  the  upper  left-hand  corner. 
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tehich  of  the  many  magnetic  indices  is  actually  best  correlated  with  thermospheric  ator* 
effects  has  not  yet  been  established.  Also,  the  form  in  which  these  indices  are  to  be 
lr.  modeling  these  effects  is  6till  a  matter  of  intuition.  Agreement  exists  on  the  fact  that 
the  thermosphere  integrates  the  irregular  energy  injections,  and  also  'remembers'  previous 
perturbations.  Therefore,  the  history  and  development  of  the  magnetic  activity  has  to  be 
taken  into  account  (e.g.  /59-61/). 

Changes  with  location.  The  spatial  structure  of  thermospheric  storm  effects  is  primarily 
determined  by  their  latitudinal  variation.  Here  systematic  differences  between  the  high  and 
low  latitude  region  are  evident  and  have  been  discussed  In  sections  2  and  3.  In  addition, 
longitudinal  variations  are  observed  (e.g.  /17 , 31 , 62 ,63/ )  and  are  documented  in  Fig.  lj. 
These  changes  are  primarily  due  to  the  magnetic  control  of  the  solar  wind  energy  dissi¬ 
pation,  and  this  control  is  alt,o  impressed  on  the  thermospheric  response.  Accordingly  t 
thermospheric  storm  effects  are  better  ordered  in  a  magnetic  rather  than  in  a  geographic 
coordinate  system  /64,65/. 
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Fig.  11.  Longitudinal  varia¬ 
tions  of  thermospheric  storm 
effects.  The  lower  part  shows 
a  comparison  between  the  lon¬ 
gitudinal  variation  of  the 
N  /0  concentration  ratio  and 
the  longitudinal  variation  of 
the  invariant  latitude  along 
a  constant  geographic  lati¬ 
tude  of  40°  S.  Time  (UT)  and 
longitude  (west)  of  the  mea¬ 
surements  are  indicated  at 
the  top  and  bottom  of  the  fig¬ 
ure.  The  composition  data 
have  been  adjusted  to  a  com¬ 
mon  altitude  of  260  km,  and 
solar  local  time  of  observa¬ 
tion  is  approximately  10:30 
hours.  Using  the  AE  index  as 
an  indicator,  the  upper  panel 
shows  the  level  of  magnetic 
activity  during  the  time 
interval  of  interest  /20/. 
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Fig.  12.  Temperature  increase 
at  middle  latitudes  as  a  func¬ 
tion  of  magnetic  activity  for 
two  different  local  tire  sec¬ 
tors.  L T*  denotes  the  maximum 
temperature  increase  -  as  indi¬ 
cated  by  the  upper  envelope  of 

the  disturbance  profiles  -  uver- 
o  o 

aged  between  do  ana  >o  magnet¬ 
ic  latitude.  A L*  denotes  the 
max imum  3-hourly  averaged  At  in¬ 
dex.  Open  circles  and  filled 
triangles  distinguish  between 
morning  {0-12  SLT )  arid  af  ter¬ 
noon/evening  (12-24  SLT)  data, 
respectively.  Also  shown  are 
the  corresponding  regression 
lines  lit 8/. 
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irjr.er  longi  tudinal/uni versal  time  variations*  are  also  observed  in  a 
.  D  t  e  .T.  and  are  attributed  to  the  influence  solar  radiation  has 
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on  the  disturbance 


with  local  time.  Both  the  magnitude  and  extent  of  the  composition  disturbance 
j . ■  p end  on  local  tir.e,  arid  perturbations  are  found  to  be  largest  in  the  early  morning  sector 
iC.g.  /*i ,  15,20,66,67/ ).  As  an  example,  Fig.  12  illustrates  that  the  maximum  temperature 
increase  at  riddle  latitudes  is  significantly  larger  in  the  mormr.g  stetor  than  in  the 
,  fternoon/evening  sector.  These  findings  are  consistent  with  the  idea  that  the  major 
:rar.sfer  of  disturbance  energy  from  the  polar  Lo  the  mid- 1  at * tude  thermosphere  takes  place 
j-ring  the  early  morning  hours  (e.g.  /t»8-71/). 


with  season.  Seasonal  variations  of  thermospheric  6torm.  effects  provide  additional 
vidence  for  the  complex  interplay  of  solar  wind  and  solar  radiation  effects.  This 
.nlt-rplay  leads  tc  an  increased  spreading  of  the  disturbance  effects  toward  lower  latitudes 
ir.g  the  summer  season,  especially  in  the  early  morning  sector  /72/.  One  consequence  ot 


Fig.  13.  Temperature  increase 
at  middle  latitudes  as  a  func¬ 
tion  of  magnetic  activity  for 
two  different  seasons.  The 
incoherent  scatter  tempera¬ 
ture  meocurements  have  been 
grouped  into  half-year  sea¬ 
sons  centered  on  midsummer 
(open  circles)  and  midwinter 
(filled  triangles)  day  and 
averaged  into  Ap  bins  of  uni¬ 
ty  width  after  suppression  of 
other  geophysical  variations 
(adapted  from  / /3 /). 
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Fig.  Id.  Observed  and  predicted  latitudi¬ 
nal  structure  of  thermospheric  storms. 
The  intensity  of  the  composition  distur¬ 
bance  is  indicated  by  changes  in  the  No/0 
concentration  ratio.  All  data  refer  to 
the  same  altitude  of  280  km,  and 
h(N?/Q)^l  serves  as  the  quiet-time  refer¬ 
ence.  In  each  case,  the  ten  most  dis¬ 
turbed  latitudinal  profiles  have  been 
superimposed.  The  range  of  the  observed 
values  is  indicated  by  the  shaded  area. 
These  observations  are  compared  to  the 
MblS-83  /79/  model  predictions  for  the 
tame  geophysical  conditions.  The  predict¬ 
ed  range  of  values  is  bounded  by  the 
dotted  lines. 
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this  increased  spreading  are  larger  summer  disturbance  effects  at  middle  latitudes  /7j/ 
figure  13  shows  that  these  differences  may  be  quite  significant.  Statistical  studies 
indicate  that  in  the  heating  oval  and  for  the  6ame  level  of  magne  Uc  or  b.i.r  .llia 
activity,  the  temperature  Increase  is  larger  in  the  summer  than  in  the  winter  hemisphere 
(e.g.  /58/).  These  findings  are  not  at  variance  with  observations  that  the  re  I  at i ve  ^ 

density  increase  is  larger  in  the  winter  hemisphere  / 6 1 / .  < 


6.  MODELING  THERMOSPHERIC  STORM  EFFECTS 

Present-day  models  (e.g.  /64, 74-79/  arid  references  therein)  can  only  attempt  to  reprodoc# 
the  large-scale  and  average  properties  of  a  thermospheric  6torm.  A  more  detailed  de-scrip, 
non  is  impeded  (1)  by  our  incomplete  understanding  of  this  phenomenon ;  (2)  by  its  comply 
morphology  and  (3)  by  its  partly  irregular  behavior.  Hence  larger  discrepancy s  between 
model  predictions  and  actual  measurements  must  be  taken  into  account  and  have  been  observed 
repeatedly.  Fig.  14  serves  to  illustrate  the  magnitude  and  nature  of  these  di fferences . 

based  on  changes  in  the  N  /0  density  ratio,  the  latitudinal  structure  of  the  composition 
disturbance  zone  is  shown  for  two  different  storm  events.  In  each  cat>e,  the  most  disturbed 
latitudinal  profiles  have  been  superimposed.  Thi6  range  of  storm-time  values  is  compared 
with  corresponding  model  predictions.  The  observed  differences  are  sometimes  quite  large. 
They  may  be  explained  by  the  irregularity  of  6torm  effects  and  also  by  the  limitations  of 
present-day  model  algorithms. 

We  conclude  that  during  storm  conditions,  model  predictions  become  less  reliable.  Whereas 
the  basic  features  may  be  well-reproduced,  a  more  detailed  prediction  is  not  yet  possible. 
This  also  applies  to  the  presently  available  theoretical  models  of  thermospheric  storms 
(e.g.  /8G, 81/ ) . 
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ABSTRACT 


A  brief  review  is  given  of  our  current  understanding  of  the  atmospheric  perturbations  in  the 
thermosphere  and  exosphere  that  are  related  to  geomagnetic  disturbances  and  of  current  efforts  to 
represent  these  in  empirical  models  of  the  upper  atmosphere.  A  particular  model,  based  on  ESRCM  mass 
spectrometer  observations  of  neutral  composition  and  density,  is  presented  in  detail.  This  model  gives 
the  effects  on  the  principal  constituents  of  the  upper  atmosphere  as  a  function  of  the  geomagnetic 
coordinates  and  the  K,  geomagnetic  index.  It  is  a  modification  of  an  earlier  model,  the  most  important 
difference  being  the  inclusion  of  the  variation  with  magnetic  local  time. 


INTRODUCTION 


Significant  heating  of  the  neutral  upper  atmosphere  during  large  geomagnetic  storms  had  long  been 
suspected  from  auroral  and  ionospheric  research.  The  first  direct  evidence  of  such  heating  did  not  come 
until  the  early  years  of  the  space  age,  however,  when  Jacchia  /l, 2/  was  able  to  show  a  very  clear 
correlation  between  magnetic  storms  and  sudden,  short-lived,  increases  in  the  atmospheric  drag  on 
artificial  satellites.  These  early  results  showed  global  increases  in  atmospheric  density  at  all  heights  in 
the  earth’s  upper  atmosphere  accessible  to  satellites. 


Subsequent  to  Jacchia'6  initial  discovery,  satellite  drag  was  used  extensively  to  study  the  geomagnetic 
variation  in  the  thermosphere  and  exosphere.  At  first,  it  was  thought  that  the  exospheric  temperature 
increase  that  could  be  associated  with  the  atmospheric  disturbance  varied  more  or  less  linearly  with  the 
3 -hourly  a,  geomagnetic  index  and  that,  as  a  consequence,  only  relatively  large  magnetic  disturbances 
could  be  detected  in  the  drag  on  satellites.  Analysis  of  the  drag  on  the  Explorer  17  satellite,  however, 
revealed  small  density  variations  /3/  that  Jacchia  and  Slowey  /4/  then  found  to  also  be  present  in  the 
densities  derived  from  other  satellites  and  to  be  correlated  with  small  variations  in  geomagnetic  activity 
during  what  would  otherwise  be  described  as  “quiet"  conditions.  Except  for  very  large  storms,  the 

associated  increase  in  exospheric  temperature  was,  in  fact,  shown  to  vary  nearly  linearly  with  the  K, 

geomagnetic  index,  the  quasi -logarithmic  equivalent  of  a„  so  that  detectable  thermospheric  effects  could 
be  expected  as  a  result  of  even  the  smallest  magnetic  perturbations.  Slightly  earlier,  Jacchia  and  Slowey 
/5/  had  analyzed  the  drag  on  the  high-inclination  satellite  Injun  III  and  found  the  geomagnetic 
variation  to  be  substantially  enhanced  in  the  auroral  zones  and  that  the  time  lag  between  the 

geomagnetic  and  atmospheric  disturbances  increased  in  going  from  high  to  low  latitudes.  These  effects 

were  seen  as  evidence  of  the  transport  of  energy  from  high  to  low  latitudes,  as  was  later  corroborated 
by  observations  of  winds  /6,7/  and  waves  /8,9/  in  the  thermosphere.  Later,  Roemcr  /10/  analyzed 
the  drag  on  a  number  of  satellites  at  heights  between  250  and  800  km  and  was  able  to  detect  a 
sinusoidal  dependence  of  the  geomagnetic  variation  on  local  time,  with  a  maximum  in  the  derived 
exospheric  temperature  increase  at  3  am  that  was  systematically  larger  by  a  factor  of  1.3  with  respect  to 
a  3  pm  minimum.  Just  such  a  dependence  is  confirmed  by  more  recent  measurements  made  by 
satellite -borne  gas  analyzers  and  other  instruments  and  can  be  seen  to  result  both  from  the  locations  of 
the  high -latitude  heat  sources  and  the  dynamic  processes  driven  by  them. 


Concurrently  with  these  studies,  models  of  the  geomagnetic  variation  were  being  developed.  These 
consisted  primarily  of  an  expression  for  the  increase  in  exospheric  temperature  associated  with  a 
disturbance  as  a  function  of  either  the  a,  or  the  K,  geomagnetic  index.  This  temperature  increase 
was  to  be  added  to  the  “quiet*  exospheric  temperature  appropriate  to  the  other  prevailing  conditions  and 
the  sum  used  to  determine  the  density  at  any  height  from  the  corresponding  static  diffusion  model  of  the 
thermosphere.  Implicit  in  this  approach  was  the  assumption  that  the  temperature  profile  used  to 
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generate  the  static  model  was  not  perturbed  by  the  geomagnetic  disturbance.  This  is  clearly  not  the 
case,  of  course,  and  additional  “engineering*  was  later  found  to  be  necessary  in  order  to  adequately 
represent  the  geomagnetic  variation  at  lower  heights.  These  extremely  simple  models  were  adequate  at 
greater  heights,  however,  and  the  data  then  available  were  reasonably  well  represented  by  them.  Such  a 
model  /•!/  was  recommended  in  the  CIRA65  model  and  directly  incorporated  in  Jaccliia’B  highly 
successful  1966  empirical  models  of  the  thermosphere  /ll/. 

The  development  of  models  of  the  geomagnetic  variation  from  satellite  drag  essentially  culminated  with 
the  model  derived  by  Jacchia  cl  al.  /12/  in  1967.  This  model  was  incorporated  without  modification  in 
Jacclua's  1970  thermospheric  models  /13/.  At  about  that  time,  however,  significant  new  data  from  the 
drag  on  low -altitude  satellites  became  available  /14,15,16/  that  showed  density  variations  related  to 
geomagnetic  activity  which  could  not  be  adequately  represented  by  a  variation  in  exospheric  temperature 
alone.  Thus,  when  Jacchia  published  a  revised  version  of  his  model  a  year  later  /17/,  a  hybrid  formula 
including  both  temperature  and  density  components  was  introduced  to  represent  the  geomagnetic 
variation  at  low  heights.  It  was  Jacchia's  1971  model,  complete  with  this  dual  representation  of  the 
geomagnetic  variation,  that  was  incorporated  as  the  thermospheric  part  of  the  CIRA72  model. 

The  models  derived  entirely  from  atmospheric  drag  are  still  widely  used,  especially  in  connection  with 
problems  relating  to  orbital  dynamics.  To  show  the  simplicity  of  the  model  of  the  geomagnetic  variation 
of  C1RA72  and  to  provide  a  basis  for  later  comparison,  we  will  reproduce  that  model  here.  According  to 
CIRA72,  the  geomagnetic  variation  at  heights  above  350  km  is  given  entirely  by  the  following  expression 
for  the  increase  in  exospheric  temperature  (equation  ( 1 6)  of  CIRA72): 

AcT.  =  28  K;  +  0.03exp(/f,') 

where  A,‘  is  the  3  hourly  Kr  geomagnetic  index  at  a  time  t  -  r  and  the  time  lag  r  is  given  as  6.7  hour*. 
At  heights  below  350  km,  the  density  variations  are  represented  by  the  expressions  (equation  (20)  of 
CIRA72): 

4Jog  p  =  0.012/f,’  + 1.2x10 ‘exp(/f,’)  (a) 

ACT„  «  UK;  +  0.02exp(A,’)  (b) 

where  A','  is  the  same  as  in  the  first  equation  and  the  increase  in  total  density  is  to  be  obtained  by  adding 
the  variation  given  by  (a)  to  that  corresponding  to  the  exospheric  temperature  increase  given  by  (b). 
The  computer  code  for  the  thermospheric  models  that  was  included  in  CIRA72  uses  an  interpolation 
scheme  to  make  a  smooth  but  rather  abrupt  transition  between  the  high -height  and  low- height  versions 
of  the  geomagnetic  model  in  the  vicinity  of  350  km. 

THE  NATURE  OF  THE  VARIATION 

The  resolution  provided  by  the  satellite -drag  method  could  only  give  a  smoothed  picture  of  a 
phenomenon  that  is  characterized  by  rapid  changes  and  extreme  spatial  complexity.  Time  resolution  as 
short  as  0  1  day  has  been  achieved  using  *he  most  precise  optical  observations  /lb/,  but  a  resolution  of 
0.20-  0.25  day  during  even  the  largest  magnetic  storms  is  more  typical  of  the  data  from  orbital  analysis. 
Since  the  drag  effect  cannot  be  resolved  within  a  single  revolution,  the  derived  density  necessarily  also 
represents  an  average  over  a  fairly  long  arc  in  the  vicinity  of  the  satellite’s  perigee.  Thus,  while 
the  geomagnetic  variation  was  expected  to  be  complex  in  nature,  the  available  data  could  only  hint  at 
sortie  of  the  major  details  of  that  complexity. 

The  first  high- resolution  measurements  of  density  and  composition  from  satellite  -  borne  accelerometers 
/  19/  arid  gas  analyzers  /20/  became  available  at  about  the  time  that  CIRA72  was  published.  Since 
that  time,  Urge  quantities  of  data  have  be-en  added  by  numerous  other  missions  bearing  similar 
instrumentation.  Prominent  among  these  have,  of  course,  been  the  Atmosphere  Explorer  and 
Atmosphere  Dynamics  series  of  instrumented  satellites  of  NASA.  These  data  have  been  used  extensively 
both  to  study  individual  disturbances  and  to  derive  more  detailed  empirical  models  of  the  geomagnetic 
variation.  The  accelerometer  data  have,  of  course,  been  important  because  of  their  greatly  improved 
resolution  as  opposed  to  drag  analysis.  The  gas -analyzer  results  have,  however,  been  especially 
important  because  they  also  provide  data  on  composition.  Large  variations  in  composition  have  been 
found  to  be  a  very  significant  feature  of  the  geomagnetic  variation  in  the  thermosphere. 

In  Figure  1  we  show  a  plot  of  molecular  nitrogen  density  measured  during  a  portion  of  one  orbit  of  the 
Atmosphere  Explorer -C  satellite  by  the  OSS  mass-spectrometer.  The  data  were  collected  during  a 
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Fig.  1.  Logarithm  of  Nj  density  at  a  height 
of  250  km  as  measured  by  the  OSS  mass 
spectrometer  on  AE-C  during  a  portion  of 
orbit  4919.  The  abscissa  is  the  time  in 
minutes  from  an  arbitrary  zero  point  and  the 
ordinate  is  not  given  (see  text).  The  smooth 
curve  is  the  invariant  geomagnetic  latitude 
with  ordinate  scale  on  the  left  (from  /25/) 


period  of  relatively  high  geomagnetic  activity  (1.5  hours  earlier,  K,  was  6->)  and  when  the  satellite  was  in 
a  nearly  circular  orbit.  Since  the  height  varied  so  little,  it  was  safe  to  reduce  them  to  a  single  height  for 
purposes  of  analysis  and  that  is  the  way  they  are  shown  here.  The  abscissa  is  the  time  in  minutes, 
starting  from  an  arbitrary  zero  point.  The  scale  of  the  ordinate  of  the  N'j  number  density  is  not  shown, 
but  it  represents  the  change  in  the  logarithm  of  the  number  density.  The  maximum  density  here 
corresponds  to  a  change  of  0.5  in  logl0  n(N'j),  an  increase  by  a  factor  of  more  than  3  in  number  density, 
relative  to  the  density  at  the  origin  of  the  plot.  The  smooth  curve  at  the  top  of  the  figure  is  the 
(adiabatic  invariant)  geomagnetic  latitude  plotted  on  the  scale  at  the  left  of  the  figure. 

The  strong  dependence  of  the  geomagnetic  variation  on  geomagnetic  latitude  is  well  established  and  we 
can  aee  it  in  orbit  after  orbit  of  the  AE-C  and  other  satellite  -  borne  mass  spectrometer  data,  not  only  in 
Nj  but  in  all  constituents.  Not  all  constituents  behave  the  way  Nj  does,  however,  and  this  is  another 
important  aspect  of  the  geomagnetic  variation.  The  behavior  of  the  lighter  constituents,  such  as  He,  b 
just  the  opposite  of  that  of  Nj:  their  number  densities  decrease  where  those  of  Nj  increase.  And  the 
density  of  atomic  oxygen,  which  is  of  primary  importance  as  far  as  total  density  is  concerned  throughout 
much  of  the  thermosphere,  may  either  increase,  decrease  or  remain  unchanged.  In  addition  to  a  purely 
thermal  effect,  there  is  obviously  another  factor  involved  in  which  the  molecular  mass  plays  an  important 
role.  The  observed  "signature"  is,  of  course,  not  unique  to  any  one  particular  process.  It  can  be  aeen  in 
thermospheric  gravity  waves  and  would  be  expected  as  a  result  of  vertical  winds  in  the  vicinity  of  the 
homopause.  Blum  tt  a!.  /21/  have  also  suggested  a  variation  in  the  height  of  the  hornopause  as  a 
mechanism  that  would  produce  such  a  result.  The  later  process,  whether  or  not  it  is  physically  realistic, 
provides  a  very  convenient  device  with  which  to  model  this  aspect  of  the  geomagnetic  variation. 


in  Figure  2,  we  show  plots  of  Ar,  Nj,  O,  and  He  number  densities  as  well  as  total  density  as  measured 
by  the  LSR04  mass  spectrometer  during  an  interval  of  sustained  geomagnetic  disturbance.  The  data  are 
those  for  the  points  when  the  satellite  crossed  the  280  km  level.  There  are  two  such  crossings  in  each 
orbital  revolution,  one  on  the  ascending  branch  and  the  other  on  the  descending  branch  of  the  orbit,  and 
the  data  are  accordingly  divided  into  two  separate  groups.  The  geomagnetic  latitude,  of  the 

6uhsatelhte  point  is  also  plotted  for  each  group  as  is  the  Kf  index.  The  general  dependence  on 
geomagnetic  latitude  is  quite  obvious  in  the  figure.  The  geographic  latitude  of  the  subsatellite  point 
changes  very  little  during  the  interval  shown,  but  the  geomagnetic  latitude  oscillates  on  a  daily  basis  due 
to  the  offset  of  the  geomagnetic  pole  and  the  rotation  of  the  earth  under  the  satellite  orbit.  Those 
oscillations  are  clearly  reflected  in  the  data  of  the  upper  plot  of  the  figure,  where  the  280- km  crossings 
were  in  middle  latitudes,  but  are  much  less  prominent  in  the  lower  plot,  where  the  crossings  were  in  very 
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Fig.  2.  Variations  of  four  constituents  at  280  km  at  middle  and  low  latitudes  as  measured  by 
the  ESR04  mass  spectrometer  during  an  interval  of  sustained  geomagnetic  activity.  The  dots 
are  data  points  and  the  solid  lines  are  values  computed  from  the  Nj  variations.  d>JU,  is  the 
geomagnetic  latitude  and  K,  is  the  geomagnetic  index.  Note  the  regular  24  -  hour  variations  at 
middle  latitudes  and  their  absence  at  low  latitudes  (from  /22/). 


low  latitudes.  The  upper  plot  of  the  figure  also  illustrates  the  behavior  of  the  different  constituents 
we’ve  described  above  and  demonstrates  how  a  variation  in  the  height  of  the  homopause  can  be  used  to 
represent  that  behavior.  If  we  assume  the  height  of  the  homopause,  a#,  to  change  in  proportion  to  the 
change  in  exospheric  temperature  and  compute  the  temperature  variation  from  the  N5  density,  which 
would  be  little  affected  by  a  change  in  homopause  height,  the  effect  on  the  other  constituent*  can  be 
easily  calculated.  This  was  done  for  the  data  in  the  upper  plot,  taking  dzh/dT  =  53  m/”K,  with  the 
results  shown  by  the  solid  lines.  In  Figure  3,  we  again  show  data  from  the  ESR04  mass  spectrometer  as 
in  Figure  2,  but  during  an  interval  when  there  was  an  intense  magnetic  storm  followed  by  a  period  of 
sustained  geomagnetic  activity.  Here  the  major  point  of  interest  is  in  the  lower  plot,  where  the  data  are 
for  low  latitudes  and  the  variations  of  all  four  species  are  in-phase  and  have  comparable  amplitudes. 
This  is  typical  of  the  data  at  low  latitudes  and  is  indicative  of  a  different  regime  from  that  found  in 
middle  and  high  latitudes.  Only  occasionally  is  the  behavior  seen  at  higher  latitudes  observed  near  the 
equator,  as  it  is  around  22  arid  23  February,  1973  in  the  lower  plot  of  Figure  2. 

The  atmospheric  variations  are  not  just  dependent  on  the  geomagnetic  latitude,  however.  There  are  two 
distinct  maxima  in  the  data  c>f  Figure  1  that  represent  separate  regions  of  enhancement  in  the  vicinity 
of  the  auroral  oval.  As  that  figure  demonstrates,  there  >s  also  an  appreciable  over-all  asymmetry  with 
respect  to  geomagnetic  latitude. 
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frig  3  Sun.t-  d-s  Figure  2,  but  at  middle  and  low  latitudes  during  an  intense  6torm  followed 
by  a  period  of  sustained  geomagnetic  activity.  Note  the  in-phase  oscillations  of  all  four 
species  in  t!ie  low  latitude  region  (from  /22/). 


LiRO-1  MODLL 

There  arc,  at  present,  theoretical  models  that  are  capable  of  representing  the  disturbed  thermosphere  in 
great  detail  and  w,th  cons. durable  precis, on,  given  the  parameters  appropriate  to  the  particular  situation. 
As  a  practical  matter,  however,  the  need  for  empirical  models  continues  to  exist  and,  since  the  theoretical 
modens  are  discussed  elsewhere  in  this  issue,  we  will  devote  the  remainder  of  the  discussion  here  to 
empirical  models.  Also,  since  there  are  really  only  two  such  models  based  on  high- resolution  data  in 
prominent  use  and  one  of  these  is  a  part  of  the  MSIS  empirical  thermospheric  models  that  are  likewise 
d.scuxsed  elsewhere,  we  have  only  one  model  left  to  discuss.  That  model  is  the  one  derived  by  Jacchia  tf 
ul.  / 22,23/  from  the  RSROt  mass  spectrometer  data  and  that  is  incorporated  in  Jacchia's  1977  model 
of  the  thermosphere  /  24/.  Here,  however,  we  w  ill  present  a  modified  version  of  that  model  similar  to 
the  one  given  recently  by  tnuwey  /25/.  The  modifications  that  will  be  introduced  are  as  follows. 

1}  Include  the  must  significant  features  of  the  variation  with  local  magnetic  time.  The  original 
model  includes  only  the  mean  variation  with  latitude. 

2)  Allow  the  latitudinal  form  of  the  model  to  vary  with  the  level  of  disturbance.  The 

latitudinal  variation  has  been  shown  to  broaden  in  high  latitudes  with  increasing  levels  of 
d.sturbaiice  / 26/,  apparently  due  to  the  changing  position  of  the  polar  cusp  region  /27/. 

3j  Allow  for  the  prior  heat  input  in  establishing  an  index  for  the  level  of  disturbance. 

Theoretical  calculations  /2fs/  and  semierripiricaJ  modeling  /29/  both  indicate  that  the 
duturbsiice  h. story  over  the  preceding  5  days  is  probably  significant 
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A)  Allow  for  an  increase  in  exospheric  temperature  at  the  equator.  In  the  origin!  model,  t)* 
effect  at  the  equator  is  represented  entirely  in  terms  of  an  “equatorial  wave"  of  density 
While  it  is  clear  that  such  a  wave  is  a  significant  component  of  the  low  latitude  response,  [[ 
is  equally  clear  that  a  thermal  component  can  also  exists  in  low  latitudes. 

The  model  of  Jacchia  et  al.  /23/  represents  the  density  and  composition  changes  that  occur  in 
association  with  a  geomagnetic  disturbance  by  a  local  increase  in  exospheric  temperature  and  i 
proportional  increase  in  the  height  of  the  homopause.  Superimposed  on  these  two  effects  is  the 
“equatorial  wave”  referred  to  above,  in  which  the  number  densities  of  all  constituents  increase  in  the 
same  proportion  and  that  is  centered  on  the  equator.  We  will  adopt  the  same  representation  here  and 
model  the  change  in  the  logarithm  of  the  number  density  of  the  species  i  as  the  sum  of  three 
components: 

A  a  log  nt  =  A  rlog  n,  ■+  Ah  log  n,  t  AJogn,  (l) 

where  Urlogn,  is  the  thermal  component,  An\ognt  is  the  component  due  to  the  change  in  the  height  of 
the  hornopause  and  ah  log  ri,  is  the  component  due  to  the  equatorial  wave. 

The  thermal  component  ^irlogn,  is  to  be  evaluated  from  an  atmospheric  mod-  assuming  an  increase  in 
exospheric  temperature  AjT~  given  by 


where  .4  is  the  amplitude  given  by 


A  -  bl.SK;  [1  t  0.027 exp(0  4*7)!  ,  (3) 

<ii  in  tlie  original  model,  and  F[<p,X)  is  given  by 

F{<;,  A)  =  o„,  •+  OjjjSin  V  +  cos’d-(ausiri  A  +  a^cos  A)  + 

(«) 

sin2i?(aj:ain  A  4  Oj2coa  A)  t  sinVs‘n  2d'(fl)i6in  A  -t  aj.cos  A), 

where  <p  and  A  are  the  geomagnetic  latitude  and  local  magnetic  time,  respectively. 

To  tale  the  effects  of  the  prior  heat  input  into  account,  we  assume  K,  in  equation  (3)  to  be  the  weighted 
mean  of  the  lagged  3- hourly  K,  geomagnetic  index  taken  over  the  41  values  in  the  preceding  5-day 
interval  as  follows: 


V"  K,[t.)e  <• 


Pi  <'  *■  " 


where  t  is  the  time  in  days,  c  -  1.0  d  1  and  r  is  the  time  lag  given  by 

r  -  0  05  +  0.1  cos’d1  (day)  (0) 

h.  equation  (4),  the  first  two  terms  represent  the  mean  latitudinal  variation  of  the  increase  in  exospheric 
temperature.  The  remaining  three  terms  represent  the  variation  of  the  temperature  increase  with  local 
magnetic  time  (I.MT)  in  low,  middle  and  high  latitudes,  respectively.  To  introduce  a  variation  in  the 
rr.t  an  shape  of  the  latitudinal  variation  with  the  level  of  disturbance  that  is  consistent  with  observation, 
we  lake  n  in  equation  (4)  as 


n  =  5.0  -  A','/3.0  (7) 

A  determination  of  the  remainirig  parameters  in  equation  (4)  was  made  by  a  least  squares  fit  to  values 
of  the  exospheric  temperature  increase  inferred  from  Na  measurements  made  by  the  ESR04  mass 
spectrometer.  Exospheric  temperatures  were  obtained  from  N;  densities  by  inverse  interpolation  in  an 
atmospheric  model.  The  temperature  increase  was  taken  to  be  the  difference  between  the  exospheric 
temperature  corresponding  to  the  observed  Nj  density  and  that  corresponding  to  the  density  computed 
fur  quiet  conditions  from  the  ESR04  “quiet  time”  model  of  von  Zahn  ct  al.  /30/.  The  resulting 
coefficients  are 
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<3oi  =  .1425 

o„  =  .1184 

flu  —  “.0735 
Oi,  =  .3706 


flor  —  .8137 

On  =  -.0360 
flu  —  .1038 

flu  =  -.1441 


(10)24.1 


(8) 


In  Figure  4,  the  isotherms  of  the  relative  temperature  increase  as  given  by  equation  (4)  are  plotted  over 
ri.c  globe  in  geomagnetic  coordinates  for  the  case  where  K =  3  (n  =  4).  A6  can  be  seen,  there  is  a 
considerable  asymmetry  with  respect  to  the  pole.  The  maximum  is  between  6k  and  9k  at  a  latitude  of 
ubout  50  degrees.  This  probably  reflects  both  Joule  heating  by  the  westward  auroral  electrojet  and 
particle  precipitation  in  tne  cusp  region.  The  extent  of  the  asymmetry  can  perhaps  be  better  seen  in 
Figure  5,  where  the  profiles  for  O'  and  18k  LMT  —  near  the  extremes  — are  plotted  together  with  the  mean 
latitudinal  profile.  Of  course,  the  dilference  in  high  latitudes  as  seen  by  an  orbiting  object  would  tend  to 
he  smoothed  out  over  intervals  on  the  order  of  a  day  because  of  the  earth’s  rotation.  This  would  not  be 
ti.t  case  in  low  latitudes,  however,  which  explains  how  Roemer  /10/  was  able  to  detect  the  asymmetry 
in  densities  determined  from  drag  analysis. 


Fig.  4.  Global  isotherms  of  the  relative 
temperature  increase  as  given  by  equa¬ 
tion  (4)  for  Kf  -  3.  The  coordinates 
are  geomagnetic  latitude  and  magnetic 
local  time  (from  /25/). 


Jacchia  /24/  has  found  that  the  response  of  the  lower  thermosphere  to  geomagnetic  disturbance  can  be 
represented  by  perturbing  the  temperature  profiles  of  his  static  models  by  an  amount  given  by 


AaT{z)  =  4cToctanh[c(r  -  r0)j,  (9) 

where  c  -  0.006  and  zb  =  90  km.  The  disturbed  temperature  profiles  defined  by  equation  (9)  yield 
species  densities  that  are  in  good  agreement  with  observations  at  heights  as  low  as  150  km.  To  apply 
equation  (9)  directly,  however,  requires  that  the  diffusion  equation  be  integrated  from  the  lower  boundary 
of  the  thermospheric  models  to  the  height  irt  question.  Fortunately,  analytical  expressions  can  be 
derived  from  the  results  of  numerical  integration  of  the  disturbed  profiles  from  which  xirlog  n,,  including 
the  effect  of  equation  (9),  can  be  computed.  Jacchia  /31/  has,  in  fact,  derived  the  following  analytic 
expression  for  use  with  the  model: 


4rlogn,  =  /(z)sinh' ’(0.003  AaTJ), 


(10) 


0  -60  .  0.6—  -0.00636 


/  z  V  _ 0^29 _ 

VIOO]  +  f  t  \l  /  z  \,s 
1  +  1.7^-- 1.27)  ^0.3322-j 


m  =  1 .7  tanh[0.005(r  -  J  00 )j . 


(11) 


(12) 
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GEOMAGNETIC  LATITUDE 


Fig.  5.  Latitude  profiles  of  the  relative  tem¬ 
perature  increase  for  A','  =  3  as  given  by 
equation  (4)  for  6k  and  18l  LMT.  The 
profile  of  the  mean  latitudinal  variation  is 
also  shown  (from  /25/). 


The  values  of  the  0,  for  the  individual  constituents  are  as  follows: 

/3(Ar)  =  1.50  0(O)=  0.52 

0(0,5=  1.16  0(yv5  =  0.46  (13) 

0(N,)=1.OO  0(//e)  =  0.10 . 

TJ  in  equation  (10)  denotes  the  “quiet"  value  of  T„. 

The  component  due  to  the  change  in  the  height  of  the  homopause  can  be  computed  as  in  the  original 
model: 

4s  log  n,  =  a,  Aib,  (14) 

where  A zy  (meters)  is  obtained  from 

Aiu  -  5.02 xlOJsinh’ ‘(0.01  A0T„),  (15) 

with  AcT„  given  by  equation  (2),  and  the  a,’s  are: 


o(X  r)  =  +  3.07  x  10'*  (mis) 
a(0,)= +1.03x10  *  (mis) 

a(tf,5=  0.0  (If 

q(O)  =  -  4.85  x  10'*  (mis) 
a(f/e)=  -  6.30x10'*  (mis). 

Finally,  the  component  due  to  the  equatorial  wave  is  computed  as  in  the  original  model,  but  with  tf 
smaller  exponent  in  the  latitudinal  response  determine  by  Slowey  /32/,  by  the  expression 

<3, log  n,  =  A,\ogp  =  5.2  x  10* /t  cos5^,  (l‘ 


where  p  is  the  total  density  and  A  is  given  by  equation  (3). 
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ABSTRACT 
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Seasonal  and  geomagnetic  density  variations  in  the  thermosphere  can  be  explained  either  by 
a  system  of  thermally  driven  winds  or,  equally  well,  by  changes  in  the  turbulence 
structure.  Observations  show  that  both  processes  take  place,  but  their  relative  importance 
has  not  yet  been  established.  In  this  paper,  a  model  incorporating  both  mechanisms  is 
presented.  Whereas  seasonal  changes  may  be  generated  by  changes  in  the  turbopause  height, 
geomagnetic  perturbations  may  be  associated  with  a  turbulent  layer  above  the  homopause 
region . 

INTRODUCTION 

Observations  of  thermospheric  densities  have  shown  that  in  the  winter  hemisphere  the 
relative  density  of  lighter  gases,  like  helium,  is  increased,  while  heavier  gases,  like 
argon,  are  depleted  as  compared  to  the  yearly  average  densities.  In  the  summer  hemisphere, 
the  opposite  situation  is  found.  These  observations  have  been  incorporated  into  all 
empirical  models  of  the  thermosphere. 

A  situation  like  in  the  summer  hemisphere  also  exists  during  increased  geomagnetic 
activity:  the  relative  density  of  light  gases  decreases,  while  the  density  of  heavier 
constituents  increases.  These  changes  are  observed  not  only  in  the  polar  regions,  where  the 
energy  is  injected  into  the  thermosphere,  but  also  at  subauroral  latitudes. 

A  theoretical  explanation  of  these  observations  is  derived  from  the  diffusion  equation.  For 
a  binary  gas  mixture  consisting  of  a  major  and  a  minor  component,  the  difference  between 
the  vertical  transport  velocities  is  given  approximately  by  /e.g.  1/ 
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[n  dz 
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Ln  dz  H  T  dz  J 


(I) 


with 


n  =  density  of  minor  constituent 
T  =  temperature 

H  =  scale  height  of  minor  constituent 


H 


H 


homospheric  scale  height  of  gas  mixture 


D  =  diffusion  coefficient 
K  =  eddy  diffusion  coefficient 
a^.  =  thermal  diffusion  coefficient 

This  equation  can  be  solved  for  the  vertical  distribution  of  the  minor  constituent  n(z).  A 
qualitative  discussion  of  the  result  is  facilitated  by  introducing  a  sharp  boundary  -  the 
turbopause  -  between  the  region  where  turbulent  mixing  is  perfect  (homosphere,  D=0)  and  the 
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region  where  molecular  diffusion  is  perfect  (heterosphere 
Sion  effects  and  integrating  stepwise  from  a  lower  boundary 
and  from  there  to  6ome  higher  altitude  z,  we  obtain 


K*C).  Neglecting  thern.«n  diffu 
^  to  the  tjf't^tdJbc  htlgi,^  j 


n(z) 


*  n<V 


T(i) 


exp  - 


dz 


dz 

IT 


AW 

KtD 


dz 


(2) 
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As  can  be  seen,  the  vertical  density  profile  of  a  minor  species  is  determined  by  the 
density  at  a  certain  base  level  z  ,  by  the  temperature  profile,  by  the  molecular  and  eddy 
diffusion  coefficients  D  and  K,  by  the  turbopause  height  z^,  and  bv  the  relative  velocity 
difference  between  the  minor  constituent  and  the  main  gas. 

both  the  density  at  z  and  the  temperature  profile  need  not  be  considered  here  as  they  are 
assured  to  be  known.  Their  contribution  to  the  observed  seasonal  changes  is  clear  and 
requires  no  further  explanation . 

Seasonal  changes  of  the  density  above  those  caused  by  temperature  variations  therefore  can 
be  explained  only  by  changes  in  the  turbopause  height  z ^  (Fig.  1)  and  the  associated  t 
changes  in  the  diffusion  coefficients  or  by  changes  'n  the  diffusion  velocity  height  j 
profile.  In  particular,  it  should  be  pointed  out  that  the  horizontal  wind  motion  does  not 
directly  influence  the  vertical  distribution  of  a  species.  The  effect  a  horizontal  wind 
system  has  on  the  vertical  density  profile  i6  only  indirect.  It  is  governed  by  the  equation  ] 
of  continuity,  which  connects  the  divergences  of  the  horizontal  and  vertical  motions.  This 
indirect  effect  may  be  considerable. 

In  the  following,  models  of  the  seasonal  or  magnetic-acti vi ty-associated  thermospheric 
density  changes  based  on  turbopause  height  variations  or  turbulent  layers  will  be  called 
"turbulence  models",  models  based  on  global  wind  systems  "wind  models". 

SEASONAL  VARIATIONS 

It  has  been  suggested  /e.g.  2/  that  the  seasonal  variation  of  the  thermospheric  density  is 
caused  by  a  seasonal  change  in  the  turbopause  height.  While  models  based  on  this  assumption 
provide  an  explanation  for  the  characteristic  changes  observed,  they  also  suffer  from  some 
shortcomings.  Thebe  deficiencies  may  be  summarized  as  follows: 


(1)  The  required  changes  in  the  turbopause  height  appear  to  be  rather  large  (up 
scale  heights ) . 

(2)  The  observations  presently  available  /e.g 
postulated  turbopause  height  variations. 

(3)  Competing  mechanisms  (like  wind-induced  diffusion)  are  neglected. 


to  2.5 

3, 4, 5, 6/  do  not  provide  a  firm  basis  for  the 
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Fig.  1  Density  changes  of  a 
minor  constituent  (helium) 
caused  by  changes  in  the  tur¬ 
bopause  height . 
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...Terr. ate  e  xp  i  <»f.u  t  ion  for  the  observed  seasonal  variations  is  offered  by  global 
a  1 1  or:  models  eg.  7,9,9/.  Tms  explanation  is  based  on  the  divergence  of  horizontal 
j  svitt-f’s  a;,  d  the  aaswc  a « ted  vertical  dll  fusion  effects.  These  models  also  suffer  from 
■  v  u:  Micelles: 


t  t-d i^en^iona*  calculations  of  thermospheric  wind  cells  pose  serious  computational 
j;  Jiiciiities  which  may  alfect  the  validity  of  the  results  obtained.  Also,  many  of  the 
required  input  parameters  are  not  well  known  at  the  present. 

f  j  !'.  oUervdt  luJ.ai  support  for  the  predicted  and  required  wind  system  is  not  yet 
jvjujt*e,  especially  in  the  ail  important  height  region  below,  say,  200  km  /e.g.  10/. 

As  »as  the  case  for  the  turbulence  models,  competing  mechanisms  (like  turbopause  height 
ihuhges;  are  negi.ee  ted. 

w.ercume  some  of  these  di f f i cui t i es ,  a  new  modes  has  been  constructed  which  considers 
tr.  sta:;Ci.<ii  changes  introduced  by  turbepause  heignt  variations  and  seasonal  changes 
.iid  by  g.obai  wind  circulation  /II ,12/.  In  this  "wind-turbulence"  model,  the  respective 


> 

TO 


O 

2C 

CO 

o 


zc 

m 


cz 

TO 

03 

O 

~o 


V/) 

m 


C3 

TXL 


F i g •  2  Basic  processes  included  in  the  wind- turbulence  model.  Model  parameters  and 
boundary  conditions  are  indicated  in  a  meridional  cross  section  of  the  atmosphere. 
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variations  of  the  turbopause  height  are  assumed,  and  the  wind  system,  »mch  jn 
is  required  to  explain  the  observations,  is  calculated.  The  advantages.  ol  thib 
compared  to  the  previous  ones  are  the  following: 


il)  both  seasonal  changes  in  turbulence  and  in  the  global  wind  system,  which  are  certain  to 
exist,  are  included  in  the  model. 

(J)  The  required  height  variation  of  the  turbopause  is  much  smaller  than  in  the  pure 
turtuitnce  model  a. 

13)  Even  a  turbulence  iower  in  summer  than  in  winter  couLd  be  accommodate d  ty  the  model.  It 
would  require  a  stronger  wind  system  than  is  presently  predicted  by  the  wind  n.udeis. 


01  course,  this  model  cannot  establish 
considered.  This  would  require  conclusive 
the  wind  system  or  the  magnitude  of  the 
which  combination  of  the  two  is  compatible 


the  relative  importance  of  the  two  processes 
observational  evidence  on  either  the  Magnitude  of 
turbulence  variation.  However,  it  does  indicate 
with  the  data. 


A  detailed  discussion  of  the  wind-turbulence  model  of  the  thermosphere  has  teen  presented 
by  Schuchardt  / 1 o/ .  The  principal  processes  underlying  the  wind-turbulence  model  are  shown 
in  Fig.  2.  It  is  assumed  that  the  horizontal  wind  system  in  the  height  region  between  100 
and  lbO  km  transports  a  mixture  of  gases  present  at  these  heights.  This  horizontal  flow 
takes  place  from  tne  summer  to  the  winter  pole.  A  vertical  transport  of  gases  at  high 
latitudes  and  a  return  flow  at  altitudes  lower  than  the  turbopause  closes  the  circuit. 
While  it  is  assumed  that  Ui?  horizontal  velocities  of  all  constituents  are  equal,  this 
cannot  be  the  case  for  the  vertical  velocities,  because  above  the  turbopause  the  dens.ty 
ratios  of  the  constituents  are  height-dependent.  A  downward  excess  velocity  at  the  winter 
pole  is  calculated  for  helium.  According  to  equation  (2),  this  means  a  higher  helium 


VERTICAL  VELOCITY 

Fig.  3  Height  profiles  of  the  vertical  velocity  used  in  the  wind-turbulence 
model.  (wind  scale  height)  and  (form  factor)  are  parameters  which 
determine  the  profile  shape.  Velocity  profiles  inferred  from  theoretical 
considerations  by  Johnson  and  Gottlieb  ((J+G,  /Id/)  and  Reber  and  Hays  (h.H, 
/lb/)  are  indicated  by  dashed  lines. 
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Fig.  Results  derived  from  the  wind-turbulence  model:  combinations  of  turbopause  height.  chang 

consistent  with  the  observed  density  variations  for  solstice  conditions.  Wind  velocities  ohferved 
calculated  by  Kasting  and  Roble  /20/,  Dickinson  et  al.  1981  /6/,  Foble  et  al.  l22l ,  and  Dickinson  it 
a  reference.  Changes  in  the  polar  eddy  diffusion  coefficient  inferred  from  measurements  by  Iitn.»ic  k 
/4/  are  also  indicated. 
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density  than  for  the  diffusive  equilibrium  situation  obtained  from  equation  (2)  by  bSburi^ 
i  u*  =  0.  The  turbopause  acts  like  a  barrier  to  this  dynamic  process  and  causes  the  differing 
velocities  of  the  various  constituents  to  become  equal  below  the  turbopause. 

Together  with  this  dynamic  process,  there  exists  a  periodic  seasonal  up  and  down  movement 
cf  the  turbopause.  Both  processes  are  responsible  for  the  6trong  increase  of  the  helium 
densities  in  winter  and  the  correlated  decrease  of  the  argon  densities.  Of  course,  the 
model  critically  depends  on  the  height  profile  of  the  vertical  diffusion  velocities  of  the 
minor  constituents.  In  the  wind-turbulence  model,  no  attempt  has  been  made  to  calculate 
these  height  profiles,  as  they  depend  on  various  parameters  whose  accuracy  is  not  well 
known.  To  overcome  this  difficulty,  a  parametric  approach  has  teen  chosen,  arid  several 
models  for  the  height  profile  of  the  diffusion  velocities  have  been  assumed.  This  procedure 
is  really  not  less  reliable  than  calculating  these  velocities,  except  that  in  the 
parametric  approach  the  assumptions  made  ere  more  evident  than  in  theoretical  models,  where 
the  diffusion  velocities  are  calculated,  but  the  unknown  factors  are  not  really  eliminated. 
In  Fig.  3,  three  models  for  the  vertical  diffusion  velocities  are  shown  and  compared  to 
theoretical  estimates  by  Johnson  and  Gottlieb  /14/  and  Keber  and  Hays  /IS/. 

Results  of  the  wind-turbulence  model  are  presented  in  Fig.  4  and  are  compared  to  seasonal 
winds  as  proposed  in  various  theoretical  models.  The  figure  shows  the  combination  of 
turbcpause  height  variation  and  wind  system  necessary  to  explain  the  observed  seasonal 
density  changes  of  helium  and  argon.  The  required  amplitudes  of  the  meridional  winds  at  300 
and  130  km  and  of  the  vertical  wind  at  130  km  are  given  by  the  curves.  The  conditions  are 
representative  for  the  winter  solstice.  The  turbopause  models  would  correspond  to  points  on 
the  curves  with  a  zero  wind  amplitude,  while  the  wind  models  are  represented  by  the 
horizontal  line  corresponding  to  a  vanishing  winter-summer  turbopause  height  difference. 
Results  for  winds  obtained  by  four  theoretical  models  have  been  marked  on  the  curves. 
Observations  of  meridional  daily  winds  at  300  km  are  also  shown  in  the  figure  to  indicate 
which  combinations  of  winds  and  turbulence  would  have  some  observational  support. 

GEOMAGNETIC  ACTIVITY  EFFECT  < 

Increased  turbulence  may  also  play  an  important  role  during  thermospheric  storms.  For 
example,  at  middle  latitudes  significant  composition  changes  are  maintained  for  extended 
periods  of  time  and  presumably  long  after  the  actual  disturbance  process  has  ceased  to 
operate  /16/.  A  possible  explanation  for  this  long  recovery  phase  are  deviations  from 
diffusive  equilibrium  in  the  lower  thermosphere  generated  by  increased  turbulence.  This 
increased  turbulence  is  not  necessarily  associated  with  changes  in  the  turbopause  height, 
but  may  occur  in  a  transient  layer  above  the  homopause  region.  The  effect  such  a  layer  will 
have  on  the  upper  thermospheric  composition  is  illustrated  in  Fig.  5  for  the  minor 
constituent  helium.  If  temperature  effects  are  included,  these  effects  would  be  consistent 
with  the  observations  /17/. 

Thereby,  it  is  not  important  whether  the  mixing  initially  took  place  in  a  restricted 
altitude  region  or  in  the  whole  upper  thermosphere.  What  is  essential  is  that  the  mixing 
extended  to  the  lower  thermosphere  where  the  recovery-time  constants  are  large.  Whereas  the 
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Fig.  5  Density  perturbations 
of  a  minor  gas  (heiium) 
»E  caused  by  a  turbulently  mixed 

layer  above  the  homopause 
region. 
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nf'per  thermosphere  will  always  quickly  return  to  a  diffusive  equilibrium  situation  (t  <lh 
*»t  050  km  altitude),  the  lower  thermosphere  will  remain  disturbed  (t  >6h  at  140  km 
altitude ) . 

There  are  several  possibilities  how  this  initial  mixing  could  have  been  affected.  For 
example,  dissipation  of  large-scale  traveling  atmospheric  disturbances  (TADs)  may  thorough¬ 
ly  mix  the  upper  atmosphere  /18/.  Also,  convective  transport  from  high  to  middle  latitudes 
r,.ay  contribute  to  the  observed  mid-latitude  perturbation.  This  latter  mechanism,  however, 
it,  net  supported  by  numerical  simulations  /19/. 

CONCLUSION 

In  most  of  the  recently  published  theoretical  models  of  the  seasonal  and  storm-time 
variations  of  the  thermosphere,  the  observations  have  been  explained  by  global  wind  ceils 
and  a  resulting  wind-induced  diffusion.  Variations  of  turbulence  as  an  additional  cause 
have  been  excluded.  Tne  authors  suggest  that  presently  available  observations  of  turbulence 
and  winds  are  not  sufficient  to  justify  such  an  approach  to  thermospheric  modeling,  botn 
turbulence  variations  and  dynamic  processes  exist  side  by  side.  Most  probably,  both  p i&y  a 
role  in  thermospheric  behavior  and  should  be  included  in  the  models. 
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